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Resumo 
 O conhecimento de todos os mecanismos moleculares envolvidos na gênese 
das dores crônicas ainda representa um grande desafio ao desenvolvimento de novos 
fármacos capazes de controlar com eficiência e seletividade a dor crônica. O 
surgimento da hiperalgesia crônica pode estar relacionado a um estímulo inflamatório 
ou diretamente à lesão neuronal e, ambos os casos, têm em comum a sensibilização 
de nociceptores associados às fibras do tipo C e às fibras mielinizadas Aδ. 
Independentemente do estímulo inicial, a relação entre a sinalização purinérgica e 
hiperalgesia é muito bem caracterizada em vários modelos de hiperalgesia 
inflamatória e neuropática. É o caso do subtipo P2X4 (P2X4R), cuja ativação nas 
células microgliais do sistema nervoso central está diretamente associada à 
patogênese da dor neuropática. Em se tratando do sistema nervoso periférico, os 
efeitos da ativação deste receptor foram pouco estudados, mas nosso grupo já 
demonstrou que o bloqueio do P2X4R no gânglio da raiz dorsal (GRD) reverte a 
hiperalgesia em modelo de ratos com neuropatia diabética, mas que era inefetivo no 
tratamento de hiperalgesia inflamatória aguda. Assim, buscando compreender se a 
atividade dos P2X4R no GRD estaria relacionada apenas às dores crônicas, 
investigamos a participação do P2X4R do GRD no desenvolvimento das hiperalgesias 
aguda e crônica induzidas por mediadores neuropáticos (antineoplásico paclitaxel) ou 
pró-inflamatórios (Prostaglandina E2 - PGE2 e carragenina). Demonstramos que, no 
GRD, os P2X4R estavam localizados tanto em neurônios de fibras C e A como em 
células satélites gliais. A expressão de P2X4R foi aumentada em ratos machos 
tratados com paclitaxel e o knockdown por antisense, bem como o tratamento 
ganglionar com antagonista seletivo, reverteram a hiperalgesia neuropática induzida 
por paclitaxel, mas não a inflamatória induzida por PGE2 ou carragenina. Existe 
dimorfismo sexual em relação à ativação dos P2X4R: as fêmeas respondem 
igualmente à administração do paclitaxel, mas não aumentam a expressão deste  
receptor no GRD; o knockdown dos P2X4R por antisense também não reverteu a 
hiperalgesia neuropática. Há indicações de que as fibras A sejam as principais 
responsáveis pela hiperalgesia induzida pelo paclitaxel, uma vez que, após a 
dessensibilização das fibras C, a dor neuropática, mas não inflamatória, foi 
sustentada. Por fim, nossos resultados evidenciam que a participação dos P2X4R é 
 
 
 
mais proeminente em modelo de neuropatia do que naqueles cuja hiperalgesia tem 
origem após um estímulo inflamatório, indicando que os mecanismos de 
neuroplasticidade pró-nociceptiva que envolvem esse receptor diferem conforme o 
sexo e a origem do estímulo desencadeante.  
 
 
 
Palavras-chave: Hiperalgesia, Receptores purinérgicos P2X4, Gânglios espinais, 
Paclitaxel, Dor crônica.
 
 
 
Abstract 
 Understanding the complex molecular mechanisms involved in the genesis of 
chronic pain is a major challenge to the development of new pain-relieving drugs with 
minimum side effects. Although the onset of chronic hyperalgesia may be related to 
either an inflammatory stimulus or a neuronal injury, both events culminate with the 
sensitization of nociceptors associated with both C- and Aδ fibers. Regardless of the 
initial stimulus, the relationship between purinergic signaling and pain is very well 
characterized in several inflammatory and neuropathic pain models. This is the case 
of the P2X4 subtype (P2X4R), which activation in microglial cells of the central nervous 
system is crucial to the development of neuropathic pain. However, in the peripheral 
nervous system, the effect of P2X4R activation has been scarcely studied. Our group 
demonstrated that P2X4R antagonism in the dorsal root ganglion (DRG) reverses 
hyperalgesia in a rat model with diabetic neuropathy but is ineffective in the treatment 
of acute inflammatory hyperalgesia. Thus, aiming to understand whether the activity of 
P2X4R in DRG could be related only to chronic pain, we investigated the participation 
of P2X4R in DRG in the development of acute and chronic hyperalgesia induced either 
by neuropathic (antineoplastic paclitaxel) or pro-inflammatory mediators 
(Prostaglandin E2 - PGE2 and carrageenan). Here, we demonstrated that P2X4R were 
localized in both C- and A-fiber neurons and satellite glial cells of DRG. P2X4R 
expression was increased in paclitaxel-treated male rats and their knockdown by AS-
ODN, as well as ganglionic treatment with a selective antagonist, reversed paclitaxel-
induced neuropathic hyperalgesia (acute and chronic), but not PGE2- or carrageenan-
induced inflammatory one. There is sexual dimorphism related to P2X4R activation: 
females respond equally to paclitaxel administration, but do not increase the 
expression of these receptors in the DRG; the P2X4R knockdown did not reverse 
neuropathic hyperalgesia either. There are indications that A-fibers are the main 
responsible for paclitaxel-induced hyperalgesia since, after desensitization of C-fibers, 
neuropathic but not inflammatory pain was sustained. Finally, our results show that 
P2X4Rs is more functional in a neuropathy model than in those in which hyperalgesia 
arises after an inflammatory stimulus. This finding indicates that the pro-nociceptive 
neuroplasticity mechanisms involving this receptor differ according to the sex and the 
triggering stimulus.  
 
 
 
Keywords:  Hyperalgesia, Purinergic receptors P2X4, Spinal ganglia, Paclitaxel, 
Chronic pain
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1.  Introdução 
__________________________________________________________________________________ 
1.1. Dor: Conceitos gerais 
 
 percepção da dor, ainda que desagradável, tem imenso valor 
biológico pois trata-se do alerta frente a uma possível lesão tecidual 
resultante de estímulos intensos ou a lesões teciduais reais. Tal 
percepção permite a detecção de ameaças à integridade tecidual e, por consequência, 
previne maiores injúrias ao organismo (Woller et al., 2017).  
A partir de diferentes estudos sabe-se que os neurônios sensoriais primários 
envolvidos com a transmissão da dor nociceptiva são aqueles pertencentes a duas 
subpopulações de fibras nervosas: às fibras C, não mielinizadas, e às fibras Aδ, pouco 
mielinizadas (Basbaum et al., 2009). Ambas são fibras de alto limiar de excitabilidade 
e, portanto, em condições normais, são responsivas apenas a estímulos intensos, 
normalmente próximos à intensidade que compromete a integridade tecidual.  
Em relação à percepção do estímulo, as fibras Aδ dos tecidos periféricos, de 
condução mais rápida, são as que desencadeiam a dor mais facilmente, enquanto as 
fibras C, de condução lenta, evocam uma dor mais secundária.  O sinal referente ao 
estímulo recebido se propaga ao longo dos axônios de ambas as fibras, passando 
pelos gânglios sensoriais até alcançar a porção terminal dos axônios que transmitem 
a mensagem na região das lâminas I e II do corno dorsal da medula espinal, sobretudo 
das fibras Aδ e, dali, para o processamento pelo sistema nervoso central (SNC) 
(Basbaum et al., 2009; Woller et al., 2017).  
No entanto, durante processos patológicos, seja na inflamação, seja nas 
neuropatias, a dor fisiológica, ou nociceptiva, dá lugar às hiperalgesias (resposta de 
dor aumentada ao estímulo que normalmente provoca dor) ou à alodinia (resposta de 
dor a estímulos que, em situações normais, não provocam dor) (IASP, 2017).  A 
hiperalgesia, genericamente também chamada “dor”, é considerada um dos principais 
problemas da sociedade atual pois, além de gerar estresses físicos e emocionais, traz 
alto custo financeiro e social, uma vez que pode causar a breve ou mesmo 
permanente incapacitação de milhares de pessoas (Dahlhamer et al., 2018).  
  
 A
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Os processos relacionados à hiperalgesia estão normalmente associados à 
sensibilização dos neurônios sensoriais primários, cujos corpos celulares encontram-
se nos gânglios sensoriais das raízes dorsais (GRD) ou trigeminais. Um estímulo 
nocivo, seja ele de origem térmica, química ou mecânica, ativa diversos canais iônicos  
e receptores localizados nos terminais periféricos das fibras neuronais, causando a 
diminuição do limiar de despolarização dos neurônios aferentes primários e o aumento 
nos disparos de potenciais de ação com frequência proporcional à intensidade do 
estímulo aplicado (Gu e MacDermott, 1997; Woller et al., 2017). 
De maneira geral, a hiperalgesia pode ser classificada em dois tipos: aguda e 
crônica. A hiperalgesia aguda está comumente associada a processos inflamatórios 
transientes que levam à sensibilização dos nociceptores devido a liberação de 
mediadores inflamatórios pró-algésicos, tal como as prostaglandinas. Embora a 
hiperalgesia mantenha uma função protetiva, quando crônica, ela perde essa função 
de “alerta” e geralmente está associada à sensibilização da via nociceptiva sem que 
haja um processo inflamatório do tecido periférico, lesão subjacente, distúrbio ou 
doença que justifique tal sensibilização (Manion et al., 2019). É importante notar, 
contudo, que os nociceptores são os únicos receptores sensoriais que não se 
adaptam e, portanto, enquanto houver um estímulo nociceptivo importante que 
estimule as vias neuronais superiores relacionadas à dor, esta será percebida como 
tal.  
As hiperalgesias crônicas podem ser de origem inflamatória ou neuropática: a 
crônica de origem inflamatória, embora se manifeste sem que haja um processo 
inflamatório, é resultado de uma neuroplasticidade maladaptativa, cuja origem foi uma 
sensibilização inflamatória persistente dos nociceptores. Por outro lado, as 
hiperalgesias neuropáticas são resultado de danos ou patologias que afetam os 
nervos periféricos. Normalmente estão relacionadas a lesões diretas ou à 
manifestação de alguma patologia sistêmica, bem como, complicações resultantes 
destas e/ou de seus tratamentos (Dina et al., 2001; Beggs et al., 2012; Zhang et al., 
2016). Como os nociceptores não se adaptam aos estímulos, acredita-se que a 
persistência dessa sensibilização também possa levar às modificações plásticas pró-
nociceptivas que podem, ou não, ser compartilhadas tanto pela hiperalgesia de origem 
inflamatória quanto neuropática.  
A dor, no entanto, não é mediada exclusivamente por neurônios. Células gliais, 
tanto do SNC quanto do sistema nervoso periférico (SNP), desempenham funções 
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essenciais nos mecanismos relacionados à sensibilização das vias nociceptivas 
(Hanani, 2005). Outra abordagem investigativa que ganha destaque nos trabalhos 
mais recentes é a da participação do sistema imune inato e adaptativo tanto no 
desenvolvimento como na manutenção da dor crônica, resultado de um crosstalk entre 
o sistema nervoso e o sistema imune  (Grace et al., 2014; Park et al., 2014; Meng et 
al., 2017; Woller et al., 2017; Yu et al., 2020). 
Em modelos pré-clínicos, estudos focados nos mecanismos centrais envolvidos 
na dor crônica destacam a micróglia (células gliais consideradas como o componente 
imunológico residente do SNC), e os astrócitos (neuroglia central) como os membros 
mais bem caracterizados da interface neuro-imune (Grace et al., 2014). Células T 
reativas infiltradas (sistema imune adaptativo), também liberam mediadores no SNC 
que se ligam a receptores neuronais nos terminais pré e pós-sinápticos do corno 
dorsal e, dessa forma, atuam na modulação da transmissão sináptica excitatória e 
inibitória que resulta na hipersensibilidade nociceptiva (Grace et al., 2014; Zouikr e 
Karshikoff, 2017). Assim, evidências da participação do sistema imune no 
desenvolvimento e manutenção da dor e mesmo o seu potencial como alvo 
terapêutico para o tratamento da dor vem ganhando cada vez mais atenção das 
pesquisas direcionadas à dor.  
Um modelo de artrite por transferência sérica chamado K/BxN, que se 
assemelha à artrite reumatoide humana, foi utilizado para investigar o mecanismo 
envolvido na cronificação da hiperalgesia inflamatória. A injeção de soro de 
camundongos K/BxN com anticorpos contra a glicose-6-fosfato isomerase em 
camundongos naïve induz uma artrite transitória mediada pelo complexo imune do 
animal receptor (Christianson et al., 2011; Christianson et al., 2012). A hiperalgesia 
tem início em 1-2 dias e persiste por muito tempo após a resolução da inflamação, 
que dura aproximadamente 15 a 20 dias, ou seja, ocorre a transição da inflamação 
aguda para uma condição pós-inflamatória com fenótipo neuropático. Nesse trabalho 
concluiu-se que a evolução do componente crônico da hiperalgesia depende da 
sinalização imune inata através da ativação dos receptores Toll-like 4 (TLR4) 
principalmente na micróglia (Christianson et al., 2010; Christianson et al., 2011). 
Já em modelo de neuropatia induzida por lesão do nervo periférico, observa-se 
um aumento significativo de macrófagos ao redor de neurônios sensoriais lesionados 
no GRD, um evento que seria simultâneo à ativação da micróglia do corno dorsal (Hu 
e McLachlan, 2003). Foi demonstrado também que, após a administração do 
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quimioterápico paclitaxel para indução de neuropatia em ratos, a ativação do sistema 
imune inato também leva à infiltração de macrófagos nos GRD em um time course 
correspondente ao início da hipersensibilidade mecânica (Zhang et al. 2016).  
Mais recentemente, Yu et al. (2020) demonstraram que os macrófagos do GRD 
de camundongos são requeridos e contribuem para o início e manutenção da 
hiperalgesia mecânica característica da dor neuropática. De acordo com os autores, 
os macrófagos seriam os principais responsáveis pelo aumento da citocina IL-1β no 
GRD após lesão nervosa, e que essa citocina contribui para a sensibilização dos 
neurônios sensoriais. Assim, a interação entre macrófagos - neurônios sensoriais no 
GRD, em conjunto com a interação neurônio - micróglia na medula, contribui para o 
fenótipo da dor neuropática. 
Em se tratando de inflamação local do tecido, macrófagos residentes na pata 
de camundongos foram descritos por Ulmann et al. (2010) como sendo os principais 
responsáveis pela produção e liberação da Prostaglandina E2 (PGE2) local via 
ativação de receptores purinérgicos pela molécula de ATP (Adenosina 5’trifosfato). 
Essa via será melhor discutida adiante.   
Conforme mencionado anteriormente, a micróglia tem papel central no 
desenvolvimento e manutenção da hipersensibilidade neuronal. No entanto, 
descobriu-se que a micróglia não é requerida  para o desenvolvimento da hiperalgesia 
mecânica em fêmeas e que, apesar de atingirem o mesmo nível de hipersensibilidade 
à dor após uma lesão neuronal, elas dependeriam muito mais das células imunes 
adaptativas, provavelmente linfócitos T (Sorge et al., 2015), que também podem 
liberar mediadores pró-algésicos (Interferon-γ, IFNγ, e Interleucina 17, IL-17) capazes 
de sensibilizar a via nociceptiva (Grace et al., 2014).   
No SNP, em contraste com o dimorfismo em relação à micróglia central, a 
depleção dos macrófagos do GRD reduz a hipersensibilidade mecânica induzida por 
lesão nervosa tanto em ratos machos como em fêmeas. No entanto, dimorfismo 
sexual foi observado em relação à contribuição da CSF1 (Colony stimulating factor 1), 
uma citocina que induz a ativação e proliferação dos macrófagos do GRD. De acordo 
com os autores, a deleção de CSF1 é capaz de reduzir apenas os macrófagos em 
machos (Yu et al., 2020). Assim, vemos o avanço rápido e promissor das pesquisas e 
esse entendimento da fisiopatologia da dor direcionado aos mecanismos que 
conectam a tríade neurônio - glia - sistema imune (Scholz e Woolf, 2007), fornece um 
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novo rumo para o avanço no desenvolvimento de novas e modernas abordagens 
terapêuticas. 
1.2.  A relação da molécula de ATP com a via nociceptiva  
 
O ATP, é um nucleotídeo que exerce funções essenciais tanto fisiológica como 
fisiopatologicamente, incluindo transmissão e modulação sináptica (Burnstock, 
2007b). Muito além da sua função energética, desde a década de 1970, é reconhecida 
como uma molécula de sinalização extracelular que atua na maioria dos nervos tanto 
do SNC como do SNP (Burnstock, 1972; Burnstock, 2007b). Em se tratando dos 
mecanismos relacionados à dor, o ATP atua predominantemente como uma molécula 
pró-algésica.  
Em condições fisiológicas, a concentração de ATP extracelular é bastante 
baixa, mas pode aumentar significativamente quando ocorre uma lesão tecidual, por 
exemplo (Faas et al., 2017). Sabe-se que a molécula de ATP é liberada, 
majoritariamente, por via exocítica como um co-transmissor ou como o principal 
neurotransmissor purinérgico (Cisneros-Mejorado et al., 2015). Em condição não 
fisiológica, como durante um processo inflamatório, hipóxia ou apoptose celular, a 
liberação de ATP ocorre de maneira ativa por diversas células por meio de exocitose 
vesicular, transporte via canais ou mesmo transportadores de membrana (Lazarowski, 
2012, Burnstock, 2016b) como é o caso das proteínas transportadoras denominadas 
ATP binding cassete (ABC), CFTR e MDR (Cystic Fibrosis Transmembrane 
Conductance Regulator e Multi-Drug Resistance proteins, respectivamente)  (Al-
Awqati, 1995; Burnstock, 2012).  Em células necróticas, a liberação de ATP ocorre de 
maneira passiva, por extravasamento, após o rompimento da membrana plasmática 
(Faas et al., 2017).  
Em relação às células neuronais, Masuda et al. (2016) identificaram o 
transportador de nucleotídeos Slc17a9 (VNUT – Vesicular Nucleotide Transporter), 
uma proteína secretora de vesículas responsável pelo armazenamento e liberação do 
ATP, sendo expressa em neurônios do corno dorsal da medula. Os resultados obtidos 
por eles indicam que esse transportador em neurônios, mas não em astrócitos ou 
micróglia, é o principal responsável pela liberação de ATP que ativa receptores 
purinérgicos microgliais específicos relacionados ao processo excitatório no corno 
dorsal que culmina na dor neuropática. No entanto, esse mecanismo não é 
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compartilhado pelos neurônios periféricos do GRD já que a alodinia mecânica induzida 
pela lesão nervosa se mantém mesmo na ausência desse transportador. 
Especificamente no GRD, alguns trabalhos indicam que o ATP é liberado por 
exocitose vesicular pelo corpo neuronal e, via sinalização purinérgica, é o principal 
mediador da comunicação neurônio-célula satélite-neurônio durante um processo de 
hiperalgesia (Zhang et al., 2007).  
Uma vez lançado no meio extracelular, o ATP atua como a molécula mediadora 
da ativação ou sensibilização dos neurônios nociceptivos através de receptores 
específicos de membrana do tipo P2X (Soto et al., 1996). Acredita-se também que, 
em um processo de neuroinflamação, o ATP encontrado em concentrações elevadas 
no meio extracelular, seja reconhecido pela célula como DAMP (Damage-associated 
Molecular Pattern) e que, ao se ligar aos receptores P2X, participa da ativação da 
cascata de sinalização que induz a resposta inflamatória e liberação da citocina IL-1β, 
cuja síntese é aumentada pela ativação dos receptores TLR (Toll Like Receptors) 
(Beamer et al., 2016). 
 
1.3. ATP e a sinalização purinérgica como importantes mediadores 
da dor 
 
Os receptores P2, pertencem a duas famílias principais: a dos receptores do 
tipo P2Y, que são metabotrópicos e, portanto, acoplados à proteína G, e receptores 
ionotrópicos P2X, que são canais não seletivos com uma maior permeabilidade ao 
cálcio ou ao cloreto, dependendo do subtipo (Burnstock, 2007a). Estão descritos, até 
então, sete diferentes subtipos de receptores P2X (P2X1-7) encontrados nos 
eucariotas (North, 2002; Burnstock, 2007a) que participam de diversos processos 
fisiológicos, desde o sistema nervoso até o imune (Surprenant e North, 2009). No 
sistema nervoso central, neurônios pré-sinápticos expressando receptores P2X 
aumentam a liberação de neurotransmissores como o glutamato e o ácido gama-
aminobutírico (GABA), enquanto sua expressão em neurônios pós-sinápticos é 
necessária para evocar a corrente pós-sináptica induzida por ATP. No sistema 
nervoso periférico, os diferentes subtipos de receptores P2X presentes nos neurônios 
aferentes primários, também respondem aos estímulos de dor (Surprenant e North, 
2009).  
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A ativação de receptores do tipo P2X tem um papel importante na 
sensibilização de nociceptores por agentes inflamatórios (Prado et al., 2013; Andó, 
2010) podendo atuar tanto diretamente sobre os nociceptores, quanto indiretamente, 
promovendo a liberação dos mediadores inflamatórios que, por sua vez, são capazes 
de sensibilizá-los (Burnstock, 2000; Oliveira et al., 2009). Os receptores P2X3,2/3 
encontrados no GRD (Petruska et al., 2000; Dunn et al., 2001; Ambalavanar et al., 
2005; Oliveira et al., 2009) e no gânglio trigeminal em neurônios de pequeno e médio 
diâmetro, comumente associados às fibras C e Aδ, respectivamente (Petruska et al., 
2000; Ambalavanar et al., 2005), mais os receptores P2X7, presentes em células de 
origem imune e células da glia (Sperlagh et al., 2006) são exemplos de receptores 
purinérgicos que parecem ser bastante importantes para o desenvolvimento da 
hiperalgesia inflamatória.  
Estudos já desenvolvidos pelo nosso grupo também vêm destacando a 
participação destes receptores no desenvolvimento da hiperalgesia, seja a de origem 
inflamatória seja a neuropática. Na articulação temporomandibular, os P2X3R e P2X2/3R 
estão envolvidos na hiperalgesia inflamatória induzida pela administração de carragenina. 
Nesse estudo, desenvolvido por Teixeira et al. (2010a), os antagonistas dos P2X1R, 
P2X3R e P2X2/3R, TNP-ATP, reduziu a resposta hiperalgésica. Prado et al. (2013), por 
sua vez, demonstraram que a ativação do P2X3R em neurônios aferentes primários 
aumenta a suscetibilidade do nociceptor aos mediadores, permitindo o desenvolvimento 
de hiperalgesia inflamatória induzida por prostaglandinas e aminas simpatomiméticas. 
Somado a isso, a ativação do P2X7R  por ATP em células da glia é comprovadamente 
relevante e, de fato, um passo essencial para a maturação e liberação da IL-1β, uma das 
citocinas pró-inflamatórias centrais no controle da resposta inflamatória e responsável por 
ativar as enzimas cicloxigenases (Cox-1 e Cox-2) que irão induzir a síntese de  
prostanoides (Teixeira et al., 2010b; Araldi et al., 2013; Burnstock, 2016b). Conforme já 
demonstrado pelo nosso grupo, o aumento da expressão de Cox-2 no GRD é essencial 
para o desenvolvimento da hiperalgesia durante uma inflamação do tecido periférico 
(Araldi et al., 2013).  
Teixeira et al. (2019) mostrou, em modelo de neuropatia diabética induzida por 
estreptozotocina (STZ), que a administração ganglionar de antagonista seletivo (não 
comercial) para os receptores do tipo P2X4, PSB 15417, inibiu a hiperalgesia mecânica 
em ratos. Igualmente, a administração intratecal de ODN-antisense contra o P2X4R 
também reverteu a hiperalgesia neuropática mecânica induzida por diabetes. 
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1.4. Os receptores P2X4 como alvos importantes para a pesquisa e 
tratamento da dor 
 
Dentre os sete subtipos descritos para a família P2X, os receptores P2X4 
(P2X4R) são, atualmente, um dos principais alvos de uma variedade de estudos. O 
avanço das pesquisas, com as mais diferentes abordagens, revelou o envolvimento 
dos P2X4R em diversos processos fisiopatológicos, mas maior atenção tem sido dada 
ao seu papel no desenvolvimento e manutenção da dor, principalmente àquela 
relacionada à neuropatia.   
A sequência do P2X4R foi descrita pela primeira vez em 1996 por Soto et al. 
após a clonagem e caracterização de DNA complementar a partir do cérebro de ratos, 
mas sua relação com a dor começou a ser melhor investigada a partir de 2003 com o 
trabalho de Tsuda et al. Estruturalmente, o P2X4R é um receptor homotrimérico, ou 
seja, uma proteína composta por três subunidades idênticas de polipeptídios com uma 
massa molecular de aproximadamente 43 kDa, e forma semelhante a um cálice (Soto 
et al., 1996; Shinozaki et al., 2009). Possui um domínio extracelular com ~ 70 Å acima 
do plano da membrana e um domínio transmembrana menor que se estende ~ 28 Å 
através da membrana (Kawate et al., 2009).   
Antes da ativação, o P2X4R tem forma circular e as três subunidades estão 
indistintas, porém, quando ativado, sofre mudanças estruturais que estão envolvidas 
na dinâmica de permeabilidade em resposta à ligação do ATP, passando a exibir o 
arranjo trimérico típico com o poro no centro (Shinozaki et al., 2009). Por ser altamente 
permeável aos íons Ca2+, a ativação do P2X4R permite um influxo de Ca2+ que leva à 
despolarização da membrana plasmática e à ativação de diversas vias intracelulares 
sensíveis ao Ca2+, incluindo aquelas ligadas às vias nociceptivas (Huang et al., 2014).  
Os P2X4R são expressos em neurônios de várias regiões do encéfalo (em 
particular as células de Purkinje do cerebelo), mas foram estudados principalmente 
em células gliais do encéfalo e medula espinal, as micróglias (Gever et al., 2006), bem 
menos em  macrófagos endoneurais do GRD (Otoshi et al., 2010) e, até recentemente, 
quase nada se sabia sobre sua expressão ou função nas células gliais e neurônios do 
GRD. No entanto, são reconhecidos como moléculas essenciais para o 
desenvolvimento da hiperalgesia neuropática, um processo que envolve 
principalmente a interação de células gliais, neurônios no SNC e outras células do 
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sistema imune (Tsuda et al., 2003; Tsuda et al, 2009; Beggs et al., 2012; Inoue e 
Tsuda, 2018).  
 Em se tratando especificamente de células gliais, é a micróglia do SNC que 
desempenha o papel principal na sensibilização neuronal característica da dor 
neuropática via P2X4R (Inoue, 2008). Diversos trabalhos confirmam que uma resposta 
específica da micróglia na medula, caracterizada pelo aumento de expressão do 
P2X4R, é a chave para a hipersensibilidade neuronal causada pela injúria aos nervos 
periféricos. Em condição patológica, como é o caso de lesões nervosas, a micróglia 
sofre diversas alterações fenotípicas características de sua ativação (Inoue, 2008) e, 
uma delas, é o aumento de expressão dos P2X4R e seu tráfego para a membrana 
plasmática microglial (Toyomitsu et al., 2012). 
A expressão dos P2X4R aumenta nas micróglias por meio de alguns fatores de 
transcrição específicos denominados IRF8/IRF5 (Interferon Regulatory Factor 8 e 5, 
respectivamente); o IRF8 é responsável pelo recrutamento do IRF5, que é translocado 
para o núcleo pela fibronectina e se liga especificamente ao promotor do P2X4R, 
levando ao aumento da expressão desse receptor (Tsuda, 2016; Inoue e Tsuda, 
2018). Acredita-se que o ATP responsável pela ativação dos P2X4R microgliais esteja 
sendo liberado por neurônios do corno dorsal da medula (Masuda et al., 2016). Após 
a ligação do ATP, o influxo de cálcio via  P2X4R aumenta substancialmente, levando 
à fosforilação da quinase p38 (MAPK - Mitogen-Activated Protein Kinase) e dispara 
uma via de sinalização ligada à dor mediada pela liberação SNARE-dependente do 
Fator Neurotrófico Derivado do Cérebro (BDNF – Brain Derived Neurotrophic Factor) 
(Tsuda et al., 2003; Tsuda et al., 2004; Coull et al., 2005; Trang et al., 2009; Beggs et 
al., 2012; Inoue e Tsuda, 2018).  
O BDNF secretado pela micróglia se liga aos receptores neuronais TrkB 
(Tropomyosin receptor kinase B) da lâmina I do corno dorsal, causando redução da 
expressão do co-transportador de cloreto de potássio, KCC2, (Potassium Chloride 
Cotransporter 2). O KCC2 mantém a extrusão de cloreto neuronal garantindo baixas 
concentrações desse íon no meio intracelular. O funcionamento do receptor para o 
neurotransmissor ácido gama-aminobutírico, GABA-A, depende desse gradiente 
aniônico e, dessa forma, o aumento do cloreto intracelular prejudica a transmissão 
sináptica inibitória mediada pelo GABA-A. O fenótipo gabaérgico inibitório passa a ser 
excitatório resultando em aumento da sensibilização dos neurônios nociceptivos das 
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fibras Aδ e C que se inserem na lâmina 1 do corno dorsal (Beggs et al., 2012; Zeilhofer 
et al., 2012; Tsuda, 2016; Stokes et al., 2017). 
Essa via, característica da micróglia, também foi descrita em fibroblastos 
sinoviais de pacientes com osteoartrite e artrite reumatoide. Nestas células não gliais, 
ficou demonstrado que a expressão e liberação do BDNF induzidas por ATP 
dependem da ativação dos P2X4R (Klein et al., 2012). Embora o papel funcional do 
BDNF na transmissão da dor em tecidos sinoviais in vivo precise ser melhor 
investigado, é possível estabelecer um paralelo com a atividade microglial, dadas as 
semelhanças com o mecanismo de sensibilização neuronal mediada pela glia do SNC. 
Experimentalmente, a participação do P2X4R no mecanismo de sensibilização 
característico da dor foi confirmada em diferentes estudos com alvos e abordagens 
diversos. O tratamento intratecal com ODN antisense contra P2X4R atenuou a 
hiperalgesia em modelo de neuropatia induzida por injúria ao nervo periférico (Tsuda 
et al., 2003). Camundongos knockout para o P2X4R também não desenvolveram 
alodinia mecânica após a transecção do nervo L4 (Tsuda et al., 2009) e, em outro 
estudo, além de não apresentarem alodinia mecânica, também constatou-se que a 
liberação de BDNF pela micróglia foi reduzida (Ulmann et al., 2008). 
No modelo de hiperalgesia herpética, a ativação da micróglia também foi 
correlacionada com expressão aumentada de P2X4R e a alodinia resultante pode ser 
revertida por administrações intratecais de antagonista de P2X4R (Matsumura et al., 
2016). Além disso, em modelo de artrite induzida por injeções de colágeno, o 
tratamento intravenoso com ODN antisense contra P2X4R em camundongos reduziu 
o score clínico da artrite e os níveis séricos das citocinas pró-inflamatórias IL-1β, TNF-
α, IL-6 e IL-17. Este tratamento também inibiu a inflamação sinovial, a destruição das 
articulações e a ativação do inflamassoma tanto em camundongos como em células 
humanas (Li et al., 2014). 
Recentemente, Long et al. (2018) demonstraram que o P2X4R microglial 
também está implicado na sensibilização que contribui para a cronificação da 
enxaqueca. O grupo trabalhou com um modelo desenvolvido por Pradhan et al. (2014) 
que mimetiza a enxaqueca crônica em camundongos utilizando múltiplas injeções 
intraperitoneais de nitroglicerina (NTG). Após a administração da NTG, os 
camundongos desenvolveram alodinia mecânica aguda e crônica seguida pela 
ativação microglial e aumento da expressão do P2X4R no núcleo caudal do nervo 
trigêmeo no tronco cerebral. Nesse modelo, o tratamento com o antagonista de 
    
  
 
26
P2X4R, 5-BDBD, bloqueou completamente a hiperalgesia, reduziu a expressão do 
fator de transcrição c-Fos e a liberação de CGRP (Peptídeo Relacionado ao Gene da 
Calcitonina) diretamente no núcleo caudal do nervo trigêmeo. Foi inferido, afinal, que 
a ativação da micróglia e a expressão do P2X4R podem ser componentes chave que 
regulam a cronificação da enxaqueca. 
Guo et al. (2005), apresentaram indícios de que o P2X4R microglial também 
poderia estar envolvido no processo de nocicepção induzida por formalina intraplantar, 
desempenhando um papel fundamental no processamento da informação nociceptiva 
pela medula. O que mais se destaca no trabalho desenvolvido posteriormente por Guo 
et al. (2006), é que o aumento da expressão de RNA mensageiro (RNAm) do P2X4R 
em células microgliais in vitro, ocorre após a ativação dos receptores TLR4. O 
mecanismo preciso que faz com que o P2X4R seja recrutado para a superfície da 
micróglia ainda não está claro, mas acredita-se que esse tráfego ocorra somente 
quando a micróglia é estimulada pelo agonista de TLR4, Lipopolissacarídeo (LPS) 
(Boumechache et al., 2009; Toulme et al., 2010). A relação entre P2X4R-TLR4 foi 
explorada numa série de experimentos comportamentais realizados em camundongos 
durante estágio de pesquisa no exterior, e será abordada no Apêndice 1. 
Outro estudo em camundongos knockout para o P2X4R demonstrou a redução 
da resposta à dor inflamatória e na produção da PGE2 no tecido periférico. Os 
macrófagos encontrados na pata dos animais foram identificados como o principal tipo 
celular responsável pela produção de PGE2 local e, a ativação do P2X4R nessas 
células desencadeia um influxo de Ca2+ e a consequente fosforilação da p38 MAPK 
(Ulmann et al., 2010). Na rota P2X4-p38 ocorre, então, a ativação da fosfolipase A2 
liberando ácido araquidônico e, por fim, a síntese e liberação da PGE2 COX-
dependente (Burnstock, 2016a). Animais com deleção do P2X4R não desenvolveram 
hipersensibilidade à dor e constatou-se ausência total de PGE2 no exsudato 
analisado. Essa deleção também reduziu drasticamente a liberação de PGE2 induzida 
por carragenina ou CFA (Complete Freund’s Adjuvant). Tais observações 
identificaram os P2X4R como importante mediador na liberação da PGE2 in vivo 
(Ulmann et al., 2010). 
É notório que grande parte das pesquisas, até então, tem sido focada em células 
do SNC, principalmente nas micróglias. No entanto, o P2X4R também é expresso no 
GRD, mas seu papel no desenvolvimento e manutenção da dor no SNP ainda não foi 
totalmente investigado e o conhecimento acumulado até o momento ainda é superficial. 
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Apenas recentemente, a atenção de alguns grupos foi direcionada para o P2X4R no 
GRD, e o mecanismo proposto é bastante similar àquele descrito para as células do 
SNC. Em trabalho recente publicado por Lalisse et al. (2018), sugere-se que a expressão 
do P2X4R é aumentada nos neurônios nociceptivos TRPV1+ do GRD (Fibras C) durante 
um processo inflamatório crônico induzido por CFA, assemelhando-se ao que acontece 
na micróglia. De acordo com os autores, é a ativação do P2X4R pré-sináptico que 
controla o influxo de cálcio nos neurônios do GRD assim como a liberação de BDNF pelo 
terminal neuronal no corno dorsal que resultará no aumento da excitabilidade neuronal 
em situação de dor inflamatória crônica. Curiosamente, eles mostraram que, nessa 
condição, as células da micróglia não liberam o BDNF e esse papel é desempenhado 
diretamente pelos neurônios sensoriais que terminam no corno dorsal da medula 
espinal, resultando na diminuição da regulação do transportador KCC2 e, finalmente, na 
hipersensibilidade mecânica.  
Em se tratando da glia , é de domínio comum que o processo de desenvolvimento 
dos estados dolorosos também envolve as células satélites gliais (CSG) do GRD e que 
elas representam um grupo celular estrategicamente posicionado para a modulação da 
nocicepção envolvendo totalmente os neurônios sensoriais no GRD (Boddeke, 2001; 
DeLeo e Yezierski, 2001; Ohara et al., 2009) e participam da síntese e liberação de 
mediadores inflamatórios como as citocinas IL-1β e TNF-α (Hanani, 2005; Souza et 
al., 2013). Em dores neuropáticas, por exemplo, observou-se que as células satélites 
do GRD respondem ao dano do nervo ou à inflamação proliferando e expressando a 
proteína glial fibrilar ácida (GFAP), uma resposta similar àquela das células gliais da 
medula espinal ( Liu et al., 2012; Donegan et al., 2013). O mecanismo pelo qual essas 
células sensibilizam os neurônios ainda não está totalmente elucidado, mas muitos 
trabalhos apontam para um aumento da comunicação entre elas via junções gap, com 
a ligação direta célula a célula, ou seja, a CSG que envolve um determinado neurônio 
se comunica via junções gap com a CSG do neurônio vizinho e esse crosstalk químico 
ou por ondas de cálcio, contribui para a hipersensibilidade neuronal (Costa e Neto, 2015; 
Kim et al., 2016). Outra indicação da participação das células satélites nos processos 
de hiperalgesia reside no fato de que as células satélites dos gânglios sensoriais 
também possuem receptores purinérgicos do subtipo P2X7 (Zhang et al., 2005), cuja 
ativação é essencial para a síntese e liberação da citocina IL-1β (Ferrari et al., 2006).  
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2. Justificativa 
__________________________________________________________________________________ 
ores crônicas, independentemente de sua origem, representam um 
sério problema em diversos países pois estão frequentemente 
associadas à incapacitação e restrições na mobilidade, geram 
ansiedade, depressão e reduzem significativamente a qualidade de vida de jovens e 
adultos em idade produtiva. Em países como os Estados Unidos, existe ainda o grave 
problema relacionado à dependência de opioides analgésicos, cujo abuso ainda causa 
grandes prejuízos financeiros e de saúde pública. Algumas estimativas relacionadas 
à prevalência da dor crônica entre adultos norte-americanos variam de 11% a 40% 
(Dahlhamer et al., 2018). No Brasil, de acordo com levantamentos feitos em algumas 
cidades ou capitais brasileiras, a média da população que se queixa ou sofre de algum 
tipo de dor crônica, pode variar de 30% até mais de 50% (Ruviaro e Filippin, 2012; 
dos Santos et al., 2015; Vasconcelos e Araújo, 2018).  
A busca por novos alvos terapêuticos que representem o desenvolvimento de 
tratamentos mais efetivos e com menor incidência de efeitos adversos ao paciente 
tem sido uma constante nas pesquisas que envolvem a fisiopatologia da dor. Com o 
avanço dos estudos, a participação dos receptores purinérgicos nas hiperalgesias 
passou a ser considerada como um alvo promissor de estudos farmacológicos para o 
controle da dor, seja ela aguda ou crônica (Prado et al., 2013; Teixeira et al. 2010 a e 
b; Ulmann et al., 2010).  
Embora, atualmente, o interesse na sinalização purinérgica esteja direcionado 
ao receptor P2X4R, grande parte da atenção ainda está voltada para o sistema 
nervoso central e, embora este receptor também esteja presente nos gânglios 
sensoriais (Costa e Neto, 2015; Teixeira et al., 2019), seu papel e mecanismo de 
atuação no desenvolvimento da hiperalgesia crônica de origem inflamatória ou 
neuropática no GRD ainda é pouco conhecido.  
Já foi demonstrado pelo nosso laboratório, no entanto, que em modelo de 
neuropatia diabética induzida por injeções múltiplas de STZ, a administração 
ganglionar do antagonista seletivo para P2X4R, PSB 15417, inibiu a hiperalgesia 
mecânica (Teixeira et al., 2019). Em contrapartida, alguns dados preliminares obtidos 
para esse estudo, indicaram que a administração ganglionar deste antagonista não 
D
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tem efeito anti-hiperalgésico tão proeminente na hiperalgesia inflamatória aguda 
induzida pela carragenina em ratos. 
Quando comparados, os dados obtidos inicialmente destacam a participação 
importante deste receptor nos processos que envolvem dor, porém, é de se supor que 
este receptor talvez não seja ativado efetivamente ou participe igualmente de todas 
as formas de hiperalgesia, mas que sim, seja essencial nas hiperalgesias crônicas de 
origem inflamatória e/ou neuropática. 
Essa hipótese norteou a pesquisa cujos resultados são discutidos no trabalho 
a seguir. Apresentamos, também, os resultados de um estudo que visa caracterizar o 
papel da ativação dos P2X4R no processamento nociceptivo central em diferentes 
modelos de hiperalgesia (Apêndice 1). Por fim, trazemos uma moderna e promissora 
abordagem terapêutica voltada para o tratamento da dor, tendo por alvo componentes 
específicos da via nociceptiva no GRD (Apêndice 2).   
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3. Objetivos 
__________________________________________________________________________________ 
nvestigar o envolvimento do P2X4R dos gânglios das raízes dorsais nas 
hiperalgesias aguda e crônica com origem neuropática e inflamatória. 
3.1. Objetivos específicos  
 
-  Investigar a participação dos receptores P2X4 dos gânglios das raízes dorsais 
no desenvolvimento da hiperalgesia neuropática inicial (aguda) e tardia 
(crônica) induzida por administração sistêmica de paclitaxel; 
   
-  Investigar a participação dos receptores P2X4 dos gânglios das raízes dorsais 
no desenvolvimento da hiperalgesia inflamatória aguda e persistente induzida 
por administrações periféricas de Prostaglandina E2 e na hiperalgesia 
inflamatória aguda induzida por administrações periféricas de carragenina; 
 
-  Determinar, por meio de técnicas histológicas, a localização dos receptores 
P2X4 nas células dos gânglios das raízes dorsais; 
  
-  Analisar a expressão de receptores P2X4 nos gânglios das raízes dorsais de 
ratos com hiperalgesia dependente da ativação dos receptores P2X4;  
 
 -  Investigar as fibras neuronais (Fibras C e/ou A) envolvidas nas hiperalgesias 
de origem inflamatória ou neuropática por meio do teste da capsaicina;  
 
 
 
 
 
 
 
 
 
I
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4. Artigo a publicar  
__________________________________________________________________________________ 
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Introduction  
 
Painful disorders are biologically heterogeneous, a feature that reflects part of 
the difficulty in developing successful analgesic treatments. Until nowadays, most 
researches focused on understanding the pathophysiology of pain aims to discover 
new therapeutic targets that could result in the development of more specific and 
effective analgesic treatments with a lower incidence of side effects. Nowadays, 
decoding function of some of these molecules, and maybe finding some convergence 
of pathways, represents an important step forward to the development of more modern 
pain therapies.  
Treatment strategies remain poorly effective and sometimes addictive when it 
comes to chronic pain, which affects around 50% of the population at any given time 
[24]. Chronic hyperalgesia mechanisms are intricate and may arise as a result of either 
a local tissue inflammation or from direct damage or pathologies that affect peripheral 
nerves termini, characteristics of a neuropathic state [2; 9]. Regardless of its origin, 
mechanisms of both chronic inflammatory and neuropathic hyperalgesia development 
involve a variety of molecules that orchestrate the plastic modifications that culminate 
in altered maladaptive neuronal excitability [49; 24].  
Having extracellular ATP (Adenosine 5’ Triphosphate) as a neurotransmitter, 
the widespread P2X purinergic receptors family is the trigger of different pathways that 
leads to the release of pro algesic substances and cause neuronal sensitization [41; 
5; 1]. The relationship between purinergic signaling and pain is very well characterized 
in several models of inflammatory and neuropathic pain [37; 1; 41] with the prevalence 
of one over another subtype according to the initial stimulus. P2X4 receptors subtype 
(P2X4R) [34] are recognized for their very well described pro-algesic properties in 
central nervous system (CNS) glial cells where they play an important role in the 
chronic hyperalgesia phenotype observed after peripheral nerve injury [44; 18].  
In general, the hypersensitivity related to a neuropathy process depends on 
ongoing purinergic signaling through microglial P2X4R activation in the spinal cord [2; 
4; 42; 43; 41; 18]. Following a peripheral nerve injury, the expression of P2X4R is 
upregulated in activated spinal cord microglia [44; 42] and the P2X4R-stimulated 
microglia release BDNF (Brain-Derived Neurotrophic Factor), a molecule that mediates 
microglia–neuron signaling, causing an aberrant nociceptive output that contributes to 
neuropathic pain [8; 2]. 
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P2X4R is also expressed in the peripheral nervous system (PNS), but its role in 
the development and maintenance of pain states in dorsal root ganglia (DRG) cells, 
has not been fully investigated and the knowledge accumulated so far is still superficial. 
Some of our studies have indicated that P2X4R antagonism in the DRG reverses 
hyperalgesia in a rat model of diabetic neuropathy [38] but it is ineffective in the 
treatment of acute inflammatory hyperalgesia. In our study, we then investigated 
P2X4R distribution throughout the DRG cells, the effect of their pathway activation and 
in which extension these receptors are required for the development and maintenance 
of acute and chronic hyperalgesia induced either by neuropathic (antineoplastic 
paclitaxel) or pro-inflammatory mediators (Prostaglandin E2 and carrageenan).  
  Our results provided important evidence that activation of P2X4R in DRG cells 
is an early important event for the development and maintenance of mechanical 
neuropathic hyperalgesia in male but not in female rats. Conversely, P2X4R signaling 
pathway is not that important to inflammatory hyperalgesia. 
 
Material and methods 
 
 Animals 
All experimental procedures were previously analyzed and approved by 
Unicamp Animal Experimentation Committee (Certificate # 4471-1 / 2017) and follow 
CONCEA (Brazilian National Council for Control of Animal Experimentation) 
regulation. Male and female rats (Rattus norvegicus - Wistar strain) were acquired from 
CEMIB - Unicamp (Multidisciplinary Center for Biological Research of the State 
University of Campinas) and were housed in cages with up to 4 animals/cage, with 
food and water provided ad libitum. Rats (200 - 300 g) were kept in a vivarium with 
controlled temperature, under a 12 hours light/dark cycle. All behavioral tests were 
performed during the light cycle period. Body weight was also routinely obtained to 
guarantee rats good health.  
Drugs delivery 
 
Drugs were administered intraperitoneally (IP), intraplantar (Ipl), intrathecally 
(IT) or direct into DRG – L5 (gl). For intraperitoneal drug administration, rats were 
gently restrained and, after local antisepsis, a 30G needle attached to a BD Ultra – 
Fine insulin syringe (0.3 mL) was inserted through the abdominal skin and musculature 
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on the right side of the animal. A brief aspiration was performed before injecting the 
substance to ensure that the needle had not punctured any blood vessel or organ. For 
intraplantar injection, rats were gently restrained and positioned on a rat restrainer. 
After local antisepsis, a 26 G hypodermic needle (0.45 mm x 13 mm) was inserted 
toward the central portion of the hind paw, until subcutaneous, and the drug was 
injected. Intrathecal injection was performed in rats previously anesthetized with 
isoflurane at 3-4 % in a flow-through chamber. A 29G (0.33 mm) ½ '' needle attached 
to a BD Ultra – Fine insulin syringe (0.3 mL) was inserted between the L5 and L6 
vertebrae, evoking a tail flick, indicative of appropriate needle placement. The total 
volume of drug injected IT was always 10 μL. Recovery from anesthesia has occurred 
after 1-2 minutes after injection and was evidenced by spontaneous ambulation [6]. 
Ganglionic injection was performed directly into L5 dorsal root ganglion, ipsilateral to 
the right hind paw, following the method described by Ferrari et al [13]. Rats were 
previously anesthetized with isoflurane at 3-4 % in a flow-through chamber. A guide 
needle (25x10, 19 G) was used to puncture the skin and a thin gingival needle, 
attached to a 30 cm PE-10 catheter and to a Hamilton syringe was used to inject the 
drug. The dorsal process of the sixth lumbar vertebra (L6) was identified by palpation 
and the puncture was made 1.5 cm laterally to the spine; the gingival needle was 
inserted toward the intervertebral space between L5 and L6 vertebrae and gently 
moved until it reached the ganglion L5. An ipsilateral paw flinch was considered 
indicative of appropriate needle tip placement into the L5 ganglion. The total volume 
of drugs injected in the ganglion was 5 μL and recovery from anesthesia after 1-2 
minutes was evidenced by spontaneous ambulation. 
 
Oligodeoxynucleotides antisense (ODN) 
 
Oligonucleotides for P2X4 receptors (Exxtend Biotecnologia Ltda, Brazil) were 
reconstituted in Tris-EDTA buffer solution (3 μg/μL) and kept at -20 °C until 
administration. The ODN antisense and mismatch (used as a control) were injected 
intrathecally for 4 consecutive days. The final dose injected was 30 μg/10 μL/day. 
Mechanical hyperalgesia was always measured 24 hours after the last ODN 
administration. Sequences of ODN antisense and mismatch were: 
• antisense: 5’ TCT CCT GGA AGC TAT GTCC 3’   
• mismatch: 5’ TCG CAT GCA TGC TAC GTC A 3’ 
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 P2X4R selective antagonist  
 
 The selective antagonist for P2X4 receptors, PSB 12062 (10 - [(4-Methylphenyl) 
sulfonyl] -10H-phenoxazine - Sigma Aldrich - SML0753), was injected directly into 
DRG (L5).  PSB 12062 was diluted in DMSO (Dimethyl sulfoxide - Sigma Aldrich - 
276855) to prepare a 100 mM stock solution and was kept at -20 ° C until the time of 
injection. The stock solution was diluted in NaCl 0.9% at the time of administration to 
obtain the final doses of 0.001, 0.01, 0.1, 1 and 3 mM. 
Mechanical hyperalgesia  
Mechanical hyperalgesia was measured with a calibrated electronic von Frey 
anesthesiometer (Insight, Ribeirão Preto, Brazil). Rats were tested before (baseline) 
and after drug treatments following the method described by [47]. For acclimation, rats 
were positioned in Plexiglas enclosures with a wire mesh at the bottom 1 hour before 
the test. The stimulus was applied perpendicularly to the mid-hind paw and the average 
force (g) required to withdraw the stimulated paw was measured. To calculate the 
mean mechanical threshold, five consistently similar measurements (differences 
<10%) were considered. For most tests, the intensity of hyperalgesia was given as ∆ 
withdrawal threshold expressed in grams. In tests with systemic effect, withdrawal 
thresholds for both hind paws were determined and averaged. The experimenter was 
blinded to treatment groups. 
 
Pain models and treatments: 
Paclitaxel-induced neuropathy  
Paclitaxel (Cayman Chemical Company, USA – 10461) was first diluted at a 
concentration of 5 mg/mL in a vehicle comprising absolute ethanol and Cremophor 
(Kollifor® EL – Sigma Aldrich, USA - C5135) 1:1.  The final solution (1 mg/mL) was 
prepared in NaCl 0.9% at the time of injection and injected at the dose of 1 mg/kg in 
volumes determined by body weight (1 mL/Kg).  Neuropathic hyperalgesia was 
induced following protocols described by [9] and [30] and adapted for Rattus 
norvegicus. Acute hyperalgesia: A single IP dose of paclitaxel (1 mg/Kg) or vehicle 
was injected to induce acute (initial) neuropathic hyperalgesia. To assess the 
involvement of DRG P2X4R in the development of acute (initial) neuropathic 
mechanical hyperalgesia, rats were treated with IT ODN antisense for 4 consecutive 
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days prior paclitaxel injection or with one ganglionic injection (L5) of selective P2X4R 
antagonist, PSB 12062, five hours after paclitaxel administration. Behavioral tests were 
always performed at the peak of acutely induced hyperalgesia, 6 hours after the 
paclitaxel injection. Chronic hyperalgesia: To induce chronic (late) neuropathic 
hyperalgesia, 4 IP paclitaxel injections (1 mg/kg) were administered every other day 
(days 1, 3, 5 and 7 - cumulative dose of 4 mg/kg). Five days after last paclitaxel 
injection, rats were treated with IT P2X4R ODN antisense for 4 consecutive days or 
with one ganglionic injection (L5) of P2X4R antagonist PSB 12062. Behavioral tests 
were performed 24 hours after the last antisense injection or 1 hour after antagonist 
injection. 
 
 Prostaglandin E2 (PGE2)-induced hyperalgesia  
 
PGE2 (Sigma-Aldrich, USA - P5640) was first diluted in absolute ethanol to 
obtain the stock solution I. It was diluted one more time in phosphate buffer solution 
0.1 M to prepare stock solution II. At the time of injection, a final solution was prepared 
in saline (0.9% NaCl) to obtain a concentration of 2 ng/µL. Acute hyperalgesia: To 
investigate the participation of P2X4R of DRG in the development of acute 
inflammatory hyperalgesia, P2X4R ODN antisense was injected intrathecally in rats for 
4 consecutive days. Twenty-four hours after the last ODN antisense injection, a single 
subcutaneous administration of PGE2 was performed in the plantar region of rats right 
hind paw (100 ng/50 µL) and the vehicle (0.9% NaCl/50 µL) was injected in the 
contralateral paw. The hyperalgesic response was measured 3 hours later [46]. 
Persistent hyperalgesia: PGE2-induced persistent hyperalgesia was performed 
according to the protocol established by [14]. For 14 consecutive days, a subcutaneous 
injection of PGE2 (100 ng/50 µL) was performed in the plantar surface of right hind paw 
and vehicle (0.9% NaCl/50 µL) was administered into the contralateral hind paw. Three 
days after the last PGE2 administration, rats have been treated with IT P2X4R ODN 
antisense for 4 consecutive days. Mechanical hyperalgesia was measured 24 hours 
after the last ODN antisense injections. 
Carrageenan-induced acute inflammatory hyperalgesia  
λ-Carrageenan (Sigma-Aldrich, USA - 22049) was diluted in 0.9% NaCl 
solution. Subcutaneous administration of carrageenan was performed in the plantar 
surface of rats right hind paw at a concentration of 100 μg/50 μL. Two hours after 
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carrageenan, a ganglionic injection of selective P2X4R antagonist (PSB 12062 – 1 
mM/5 μL) was performed ipsilateral to the inflammatory stimulus. Mechanical 
hyperalgesia was assessed 1 hour later, at the peak of carrageenan-induced 
hyperalgesia (3 hours). 
Desensitization of TRPV1+ fibers (C-fibers) by capsaicin  
Capsaicin (Sigma-Aldrich, USA – M2028) was diluted in a solution containing 
10% ethanol + 10% Tween 80 + 80% NaCl 0.9% and was delivered IT at a final 
concentration of 10 μg/10 μL. To confirm the effectiveness of capsaicin administration 
in desensitizing C-fibers, a single subcutaneous dose of PGE2 (100 ng/50 μL) was 
injected in the plantar surface of rats right hind paw and, the vehicle (NaCl 0 9%/50 μL 
was injected in contralateral paw 48 hours after IT capsaicin. The mechanical threshold 
was assessed 3 hours after PGE2 administration. Twenty-four hours later, one dose of 
paclitaxel (1 mg/Kg) was delivered IP. Mechanical hyperalgesia was assessed 6 hours 
later. Three more paclitaxel doses were administered every other day to induce chronic 
neuropathy (cumulative dose of 4 mg/Kg). Five days after the last paclitaxel injection, 
mechanical hyperalgesia was measured. 
Western Blot 
 
Dorsal root ganglia (L4-L6) were frozen in liquid nitrogen immediately after 
harvesting and stored at -80 ⁰C until further analysis. Protein extraction was performed 
with RIPA buffer (Protease Inhibitor Cocktail - Sigma-Aldrich, USA, Sodium 
orthovanadate, and PMSF - Phenylmethanesulfonyl fluoride -Thermo Fisher Scientific, 
USA) and total protein was quantified by the Bradford colorimetric method [3] using 
Bio-Rad Protein Assay (Bio-Rad Laboratories, USA - 500-0006). Twenty micrograms 
of protein were loaded into 10% SDS-polyacrylamide gel (SDS-PAGE) [20] and then 
transferred to nitrocellulose membrane. After transfer, the membrane was washed with 
TBSt and blocked with 5% albumin solution in TBSt for 1 hour, under continuous 
agitation. The membrane was washed 3 times with TBSt and then incubated overnight 
at 4 °C with primary anti-P2X4R antibody (Alomone Labs, Jerusalem, ISR - rabbit IgG; 
1: 1,000). The following day, after 3 washes with TBSt, the membrane was incubated 
with anti-rabbit peroxidase-conjugated secondary antibody (Invitrogen, CA – USA, IgG; 
1: 10,000) for 1 hour, at room temperature. After washing with TBSt, the membrane 
was incubated with a mixture of solutions A and B (1:1) from the chemiluminescence 
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kit (ECL, Amersham Biosciences, Little Chalfont, UK) for 5 minutes, at room 
temperature, according to the manufacturer's instruction manual. β-actin (Cell 
Signaling Technology, USA - Mouse IgG; 1: 1,000) was used as a control. The 
secondary antibody was anti-mouse peroxidase-conjugated (Jackson 
ImmunoResearch, PA, USA; 1: 10,000). Membranes were photo-documented and 
quantified using Gene Tools Software, Syngene, Cambridge, UK) in an Imaging 
System (SYNGENE GBox - Cambridge, UK). To the analysis, it was calculated the 
ratio between the optical density (OD) of P2X4R bands and the OD corresponding to 
β-actin bands. 
 
DRG Immunohistochemistry 
 
Rats were anesthetized with IP ketamine (100 mg/kg), xylazine (50 mg/kg) and 
fentanyl (10 µg/kg) and perfused with 0.9% NaCl (200 mL) followed by 4% 
paraformaldehyde (PFA, 200 mL). DRG (L4-L5) were harvested and post-fixed 
overnight in 4% PFA and dehydrated in 30% sucrose solution for 48 hours. Ganglia 
were then placed in Tissue Tek®-containing pans (Sakura Finetek USA, USA - 4583) 
and frozen at -20 °C. DRG were sectioned (14 μm thick) in Leica cryostat (CM 1850), 
at -20 ºC, and placed in gelatinized slides. Slides were incubated for 30 minutes in a 
PBS (Phosphate Buffered Saline) + glycine (0.1M) solution and blocked for 1 hour with 
a solution containing 2% BSA (bovine serum albumin) + Triton X-100 (0.1%). After, 
slides were incubated overnight, at room temperature, in a primary antibody solution 
(PBS + 0.1% Triton X-100 + 1% BSA) and washed 5 times with PBS. Then, sections 
were incubated in a secondary antibody solution (the same solution used for primary 
antibodies) for 1 hour and washed 5 times with PBS. To confirm the specific binding of 
the secondary antibodies, control slides were incubated in a solution containing PBS 
+ 1% BSA + secondary antibodies. For nuclei staining, slices were covered with DAPI 
(0.25 μg/mL - 4', 6-diamidino-2-phenylindole/Sigma-Aldrich, MO, USA - D9542), 
diluted in distilled water for 10 minutes. The slides were finally coverslipped using 
Vectashield® (Vector Laboratories, USA) and analyzed in the National Institute of 
Science and Technology on Photonics Applied to Cell Biology (INFABIC - UNICAMP) 
using a Zeiss Axio Observer confocal laser-scanning microscope (Zeiss LSM780-
NLO).  
The primary antibodies were: 
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 •Monoclonal Anti-Neurofilament 200 (Sigma-Aldrich, USA - Mouse IgG - 
NO0142; 1: 600); 
• Polyclonal Anti-R1/TRPV1 (R&D Systems - Goat IgG - AF 3066; 1: 100); 
• Polyclonal Anti-P2X4R (Alomone Labs, Jerusalem, ISR - Rabbit IgG - APR - 
002; 1: 200); 
• Monoclonal Anti-Glutamine Synthetase (Millipore - Mouse IgG - MAB 302; 1: 
200). 
Secondary antibodies were: 
• Alexa 488 anti-rabbit (Invitrogen® - Donkey - A21206 - 1: 1,000); 
• Alexa 633 anti-goat (Invitrogen® - Donkey - A21082 - 1: 1,000); 
• Alexa 546 anti-mouse (Invitrogen® - Donkey - A10036 - 1: 1,000). 
 
Transmission electron microscopy - Immunogold labeling 
After being anesthetized with one IP injection of ketamine (100 mg/kg), xylazine 
(50 mg/kg) and fentanyl (10 µg/kg), rats with chronic paclitaxel-induced hyperalgesia 
were perfused with saline 0.9% NaCl (200 mL) and 4% paraformaldehyde (PFA) + 
0.1% glutaraldehyde (200 mL), 15 days after first paclitaxel injection. Dorsal root 
ganglia (L4-L5) were harvested and kept for 12 hours in 4% paraformaldehyde + 0.1% 
glutaraldehyde solution (4 °C) for fixation. Ganglia were washed 3 times with 0.1 M 
phosphate buffer and blocked with 0.1 M phosphate buffer + 0.2 M glycine solution for 
1 hour, washed 3 times with milli-Q water and dehydrated in increasing ethanol 
concentration (20%, 50%, 70%, 80%, 90% and 2X 100%) for 30 minutes each. The 
ganglia were left in LR White resin + ethanol solution (1:1) for 1 hour, and then in pure 
and balanced LR White resin (pH adjusted with ethanolamine) for another hour. The 
resin was changed 3 times, every 1 hour, and at the last one, samples were left 
overnight at -20 °C. On the following day, ganglia were embedded in resin (10 mL of 
pure and balanced LR White resin + 80 µL of catalyzer), placed in sealed capsules, 
and polymerized under UV light for 72 hours. 
Immunogold labeling 
The ultra-thin sections (80 nm) were made in ultra-microtome, carefully placed in 
copper grids and dried for 48 hours. Grids were washed with ultra-pure water (droplets) 
for 10 minutes, at room temperature, and then pre-incubated in 0.05 M tris-HCl (pH 
7.4) + 0.05% glycine + 1% BSA + 0.1% Triton X-100 solution for 30 minutes at room 
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temperature. Primary P2X4R antibody (Alomone Labs, Jerusalem, ISR - Rabbit IgG - 
APR - 002; 1: 200) was diluted in 0.05 M tris-HCl (pH 7.4) + 0.01% glycine + 0.2% BSA 
+ 0.02% Triton X-100 solution, dripped over the grids, and left overnight at 4 °C. The 
same solution used for dilution of primary antibodies was used to wash the grids (3 
times) and to dilute secondary antibody (anti-rabbit antibody bound to 10 nm gold 
particles; 1: 100). Grids were incubated for 1 hour with a secondary antibody solution, 
at room temperature. Grids were then washed with 0.05 M tris-HCl (pH 7.4) droplets 
(3 times), with ultra-pure water (3 times) and, then dried at room temperature for 10 
minutes. Samples were contrasted with uranyl acetate (2%) for 2 minutes, and lead 
citrate (1%) for 20 seconds. The material was analyzed and photographed using a LEO 
906 (Zeiss) electron microscope operated at 60 kV. 
Statistical Analysis 
 
All results were analyzed using the software Prism 7 for Windows, version 7.04 
(November 28, 2017). Data are shown as mean ± standard error. The t test was used 
when only two groups were compared. For multiple groups, results were analyzed 
using one-way analysis of variance (ANOVA) or, for multiple groups with time-course 
experiments, two-way ANOVA was used. Bonferroni test was used as a post hoc test. 
The difference with p < 0.05 was considered statistically significant. 
 
Results  
 
Effect of intrathecal P2X4R antisense ODN on development and maintenance of 
PGE2-induced acute and persistent inflammatory hyperalgesia in male rats 
 
P2X4R antisense ODN or mismatch IT injections (30 μg/10 μL/day) were 
performed for 4 consecutive days before subcutaneous administration of PGE2 (100 
ng/50 µL) in the plantar surface (Ipl) of the right hind paw. The treatment did not inhibit 
the development of acute mechanical hyperalgesia measured 3 hours after PGE2 
injection (Figure 1A). Intrathecal administration of P2X4R antisense ODN did not alter 
the basal threshold of the paw that received vehicle administration alone (contralateral 
paw).  
In the persistent hyperalgesia model, the intrathecal treatment with P2X4R ODN 
antisense (30 μg/10 μL/day) was performed for 4 consecutive days, from day 17 to day 
20 following last Ipl PGE2 injection (100 ng/50 µL). The reduction of P2X4R expression 
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was not capable to reverse PGE2-induced persistent inflammatory hyperalgesia 
measured on day 21 (Figure 1B). Treatment with antisense P2X4R ODN or mismatch 
did not alter the basal threshold of the paw that was injected with saline either 
(contralateral paw). Western blot analysis has been made using DRG samples and 
confirmed that the P2X4R ODN antisense was effective in reducing P2X4R expression 
in DRG cells (Figure 2A and 2B).  
 
Figure 1. Intrathecal treatment with P2X4R antisense ODN did not reverse either PGE2-induced 
acute or chronic inflammatory hyperalgesia. A. Intrathecal administration of P2X4R 
antisense ODN or mismatch, for 4 days before inflammatory stimulus did not inhibit the 
development of acute hyperalgesia induced by PGE2 (Ipl). Values are mean ± SEM, by one-
way ANOVA and Bonferroni post hoc test; * p <0.05 compared to saline groups - contralateral 
paw. B. Intrathecal administration of P2X4R antisense ODN for 4 consecutive days did not 
reverse persistent inflammatory hyperalgesia. Values are mean ± SEM, by two-way ANOVA 
for repeated measures and Bonferroni post hoc test; *** p <0.0001 when comparing the PGE2 
+ antisense group to the saline groups (contralateral paw). 
 
 
Figure 2. Intrathecal treatment with antisense ODN reduced P2X4R expression in DRG. 
Administration of P2X4R antisense ODN for 4 consecutive days, but not mismatch, reduced 
P2X4R expression in DRG of rats treated with A. one dose (acute) (By t test, * p <0.05, n = 
5/group) or B. multiples doses (persistent) (By t test, * p = 0.01, n = 6/group) of PGE2 
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intraplantar. Insets: P2X4R (43kDa) representative bands of antisense and mismatch-treated 
groups. The β-actin protein was used as a control. ODN MM = Mismatch; ODN AS = 
Antisense.  
 
Effect of intrathecal treatment with P2X4R antisense ODN on development and 
maintenance of paclitaxel-induced acute (early) and chronic (late) neuropathic 
hyperalgesia in male and female rats 
To assess the involvement of P2X4R in the development of acute (initial) 
neuropathic mechanical hyperalgesia, male and female rats were treated with P2X4R 
antisense ODN (30 μg/10 μL/day) for 4 consecutive days before a single IP paclitaxel 
administration (1 mg/kg). The pretreatment prevented the development of paclitaxel-
induced mechanical hyperalgesia at the peak of the action of paclitaxel (6h) in males 
(Figure 3A) but not in females (Figure 3B). P2X4R expression was also reduced in 
DRG cells after antisense ODN treatment in both male (Figure 4A) and female rats 
(Figure 4B). 
 
Figure 3. Intrathecal pretreatment with P2X4R antisense ODN prevented the development of 
paclitaxel-induced acute (initial) mechanical neuropathic hyperalgesia in male but not 
in female rats. A. Intrathecal administration of P2X4R antisense ODN for 4 consecutive days 
before IP paclitaxel administration inhibited the development of acute neuropathic 
mechanical hyperalgesia in males. Values are mean ± SEM, by one-way ANOVA and 
Bonferroni post hoc test; *** p <0.001 when compared to paclitaxel + mismatch group. B. 
Reduced P2X4R expression did not affect acute neuropathic hyperalgesia in females. Values 
are mean ± SEM, by t test; p > 0.05. 
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Figure 4. Intrathecal treatment with antisense ODN reduced P2X4R expression in DRG. 
Administration of P2X4R antisense ODN for 4 consecutive days, but not mismatch, 
reduced P2X4R expression in DRG of A. male (By t test, * p =0.02, ODN MM n = 4/ODN 
AS n = 6) and B. female (By t test, *** p <0.001, n = 6) rats with paclitaxel-induced acute 
(initial) neuropathy. Insets: P2X4R (43kDa) representative bands of antisense and 
mismatch- treated groups. The β-actin protein was used as a control. ODN MM = 
Mismatch; ODN AS = Antisense. 
 
Intrathecal P2X4R antisense ODN treatment (30 μg/10 μL/day) was performed 
for 4 consecutive days, beginning 5 days after the last IP paclitaxel injection 
(cumulative dose: 4 mg/Kg). Behavioral analyses were assessed 24 hours later and 
showed that chronic neuropathic hyperalgesia induced by multiple paclitaxel injections 
was abolished only in male rats (Figure 5A and 5B). To confirm the effectiveness of IT 
P2X4R antisense ODN in reducing the receptor expression in DRG, ganglia L4-L6 were 
harvested and analyzed by western blot technique. The results confirmed that the IT 
administration of P2X4R antisense ODN, but not mismatch, also reduced P2X4R 
expression in DRG (Figure 6).  
 
Figure 5. Intrathecal administration of P2X4R antisense ODN reversed paclitaxel-induced 
chronic neuropathic hyperalgesia. A. Intrathecal administration of P2X4R antisense 
ODN, but not mismatch, reversed chronic mechanical hyperalgesia in males. Values are 
mean ± SEM, by two-way ANOVA for repeated measures and Bonferroni post hoc test; * 
p <0.05 when comparing paclitaxel + mismatch/antisense groups to vehicle + vehicle 
    
  
 
44
group; *** p˂0.0001 when comparing paclitaxel + mismatch to paclitaxel + antisense 
groups. B. The same treatment was ineffective in females. Values are mean ± SEM, by 
two-way ANOVA for repeated measures and Bonferroni post hoc test; * p =0.01 on day 7. 
 
Figura 6. Intrathecal treatment with antisense ODN reduced P2X4R expression in DRG. 
Administration of antisense ODN, but not mismatch, reduced P2X4R expression in the 
DRG of A. male (By t test, ** p <0.001, n = 6/group) and B. female  (By t test, * p =0.02, 
n = 4/ group) rats with paclitaxel-induced chronic (late) neuropathy. Insets: P2X4R 
(43kDa) representative bands of antisense and mismatch-treated groups. The β-actin 
protein was used as a control. ODN MM = Mismatch; ODN AS = Antisense. 
 
Analysis of P2X4R expression in dorsal root ganglia following systemic 
paclitaxel administration 
DRG samples (L4-L5) were harvested from naïve rats and from the ones treated 
with IP paclitaxel injections. Western blot technique was used to compare P2X4R 
expression between both groups. In DRG cells from paclitaxel-treated male rats, it was 
observed a significant increase in P2X4R expression (Figure 7A). Conversely, females 
do not upregulate these receptors (Figure 7B). Noteworthy that P2X4R baseline 
expression in females DRG is naturally higher than in males, however treatment to 
reduce it does not produce any relief in hyperalgesia.    
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Figure 7. Systemic paclitaxel treatment induced overexpression of P2X4R in dorsal root ganglia. 
Rats with neuropathy induced by IP paclitaxel showed increased P2X4R expression in DRG 
cells in A.  males (By t test, * p <0.01, n = 6) but not in B. females (By t test, p >0.05, n = 6).  
Inset: P2X4R (43kDa) representative bands of naïve and paclitaxel-treated groups. B. The β-
actin protein was used as a control.  
 
Dose-response curve of P2X4R antagonist, PSB 12062, and its effect on 
paclitaxel-induced model of hyperalgesia 
  The most effective dose used to block P2X4R activation in DRG cells has been 
determined after ganglionic injections (DRG-L5) of the selective antagonist, PSB 
12062, 1 hour before the paclitaxel (1 mg/kg - IP) peak of action (6 h). The results 
demonstrated the antihyperalgesic effect of PSB 12062, mainly at 0.1 mM/5 µL, 1 
mM/5 µL, and 3 mM/5 µL doses, the last one being the maximum dose (Figure 8A). 
We, therefore, set the submaximal dose of 1 mM/5 µL as the effective working dose 
for subsequent experiments. The peak of PSB 12062 action was observed within 1 to 
3 hours after ganglionic injections. Six hours later, no antihyperalgesic effect of PSB 
12062 was observed, and 24 hours after IP paclitaxel, all groups tested had returned 
to baseline thresholds values (Figure 8B). 
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Figure 8. Antihyperalgesic effect of ganglionic treatment (DRG-L5) with P2X4R selective 
antagonist, PSB 12062, on paclitaxel-induced acute mechanical hyperalgesia. A. Dose-
response curve of antagonist PSB 12062 at doses of 0.001, 0.01, 0.1, 1 and 3 mM injected 
directly into the DRG-L5 (5 µL) of animals previously treated with an IP dose of paclitaxel. (1 
mg/kg); R 2 0.81 / IC 50 0.05; n = 5-6. B. Time-course of the antihyperalgesic effect of PSB 
12062 (1 mM) over 24 hours. By two-way ANOVA and Bonferroni post hoc test; *** p <0.0001 
when comparing paclitaxel + PSB to paclitaxel + PSB vehicle and paclitaxel (contralateral 
paw) groups. 
 
 Once the effective dose had been determined, the effect of P2X4R selective 
blockade by PSB 12062 (1 mM/5 µL) in DRG-L5 was analyzed in both male models in 
which hyperalgesia has shown to be dependent on P2X4R activation, that is, acute and 
chronic paclitaxel-induced neuropathy. The behavioral response showed that the 
P2X4R antagonist, but not its vehicle (DMSO + NaCl) had an important 
antihyperalgesic effect in both models (Figure 9A and B). 
 
Figure 9. Ganglionic treatment with a P2X4R antagonist had an antihyperalgesic effect on 
paclitaxel-induced neuropathic mechanical hyperalgesia. A. The P2X4R antagonist, PSB 
12062 (1 mM/5 µL), injected directly into DRG-L5 of rats previously treated with IP paclitaxel 
(1 mg/kg) had an antihyperalgesic effect on acute hyperalgesia at the peak of action of 
paclitaxel (6h); By one-way ANOVA and Bonferroni post hoc test; *** p <0.0001 when 
compared to paclitaxel + vehicle or paclitaxel (contralateral paw) groups. B. Antihyperalgesic 
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effect of PSB 12062 treatment (1 mM/5 µL) on chronic hyperalgesia induced by multiple doses 
of paclitaxel (cumulative dose: 4 mg/kg); By one-way ANOVA followed and Bonferroni post 
hoc test; *** p <0.0001 when compared to paclitaxel + vehicle and paclitaxel (contralateral 
paw) groups. 
 
Effect of P2X4R antagonist, PSB 12062, on carrageenan-induced acute 
inflammatory hyperalgesia 
 
 Treatment with selective P2X4R antagonist, PSB 12062 (1 mM/5 μL), injected 
directly into DRG-L5, was tested in rats previously treated with subcutaneous 
carrageenan injection (100 μg/50 μL) in the plantar surface of the hind paw (Ipl). 
Ganglionic injection of the antagonist was performed 2 hours after carrageenan, and 
mechanical hyperalgesia was measured 1 hour later, at the peak of action of 
carrageenan (3h). Acute inflammatory hyperalgesia was attenuated, but the P2X4R 
antagonist was not able to reverse it completely. Mechanical threshold of PSB 12062- 
treated rats was considered low and significantly different when compared to the saline 
+ vehicle PSB group (Figure 10). 
 
Figura 10. The ganglionic treatment (DRG-L5) with P2X4R antagonist, PSB 12062, attenuated the 
carrageenan-induced acute inflammatory mechanical hyperalgesia. Antagonist PSB 
12062 (1 mM/5 μL) injected directly into the DRG (L5) of animals previously treated with 
carrageenan Ipl (100 μg/50 μL) attenuated but did not reverse acute inflammatory 
hyperalgesia. By one-way ANOVA and Bonferroni post hoc test; * p <0.05 compared to the 
carrageenan + vehicle PSB group, *** p <0.0001 when compared to vehicle + vehicle PSB 
group. 
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Characterization of nociceptive fibers involved in paclitaxel-induced 
neuropathic mechanical hyperalgesia (acute and chronic) 
 
 To investigate if there is a prevalence of either A or C nerve fibers in paclitaxel-
induced hyperalgesic response, TRPV1+ nociceptive fibers (C-fibers) were 
desensitized by IT capsaicin injection (10 μg/10 μL). To assess the efficacy of 
capsaicin in desensitizing C-fibers, rats received one subcutaneous injection of PGE2 
(100 ng/50 µL) in the plantar surface of right hind paw 48 hours after capsaicin or 
vehicle (10% ethanol + 10% Tween 80 + 80% NaCl 0.9%/ 10 µL) administration. In 
rats treated with IT capsaicin, the basal threshold was maintained after PGE2 injection 
and any hyperalgesic response was observed. The same result was observed in the 
contralateral paw, which received only vehicle injection (0.9% NaCl/50 µL). Rats that 
received IT injection of the vehicle presented inflammatory hyperalgesia in the 
ipsilateral paw after PGE2 injection, while the contralateral one, injected with vehicle 
(0.9% NaCl/50 µL), maintained the basal threshold (Figure 11). 
 
 
Figure 11. Desensitization of type C nociceptive fibers prevented the development of PGE2- 
induced acute mechanical hyperalgesia. Intrathecal capsaicin (10 µg/10 µL) caused 
TRPV1+ fiber (C-fibers) desensitization and inhibited the development of acute 
inflammatory hyperalgesia induced by Ipl PGE2 (100 ng/50 µL) in the ipsilateral paw. The 
contralateral paw, injected with vehicle (0.9% NaCl/50 µL), also maintained the mechanical 
threshold near to baseline. By one-way ANOVA and Bonferroni post hoc test; *** p <0.001. 
 
Seventy-two hours after IT capsaicin administration, rats received a systemic 
dose of paclitaxel (1 mg/kg) and mechanical hyperalgesia was evaluated after 6 hours. 
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Any reduction in mechanical hyperalgesia was observed (Figure 12A). The 
development of chronic hyperalgesia was obtained after 3 additional doses of 
paclitaxel (IP), one every other day (cumulative dose: 4 mg/kg). Mechanical 
hyperalgesia was assessed again 5 days after the last paclitaxel injection and was not 
prevented by C-fibers desensitization (Figure 12B). 
 
 
Figura 12. Desensitization of nociceptive C-fibers had no effect on the development of acute and 
chronic neuropathic hyperalgesia. A. Desensitization of TRPV1+ fibers (C-fibers) by 
intrathecal administration of capsaicin (10 µg/10 µL) did not inhibit the development of acute 
neuropathic hyperalgesia induced either by one systemic dose of paclitaxel (1 mg/kg) 
(p˃0.05) or B. by multiple doses (cumulative dose: 4 mg/kg) (p˃0.05). By one-way ANOVA 
and Bonferroni post hoc test; ** p <0.01 compared to capsaicin + paclitaxel groups. 
 
P2X4R is expressed in neurons and satellite glial cells of dorsal root ganglia  
 
Immunofluorescence assay was performed to investigate which cell types 
express P2X4R in DRG. Specific antibodies for glutamine synthetase (enzyme present 
in satellite glial cells - SGC), for TRPV1 receptors (C-fibers), and for neurofilaments 
(A-fibers) were used as markers to differentiate in which of these DRG cell population 
P2X4R labeling is detected.  
P2X4R were spread within DRG cells and positive labeling were detected in 
SGC (Figure 13A-D) and neuronal bodies of both C- (Figure 13E-H) and A-fibers 
(Figure 13I-L). P2X4R are distributed throughout the cell, with some degree of positive 
labeling prevalence in the region corresponding to the junction of the plasma 
membrane of neurons with that of SGC, although both membranes cannot be 
distinguishable in this resolution. 
C 
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Figure 13. P2X4 purinergic receptors are present in the satellite glial cells and neuronal fibers 
of type C and A of dorsal root ganglia. Immunofluorescence micrographs obtained by 
confocal microscopy of the DRG (L4 and L5) harvested from naïve animals show the 
P2X4R+ labeling (green) on A-D. SGC marked with glutamine synthetase (red) - Bar = 20 
μm; E-H. TRPV1-labeled nociceptive C-fibers (red). A-fibers are TRPV1 negative (arrow) 
- Bar = 50 μm. I-L. Micrographs showing the presence of P2X4R also in A-fibers (red). C 
fibers are NF200 negative (arrow) - Bar = 20 μm. Neurons and satellite cell nuclei were 
stained with DAPI (blue).  
 
Subcellular localization of P2X4R in dorsal root ganglion of paclitaxel-treated 
rats (Transmission Electron Microscopy-TEM) 
  
Due to the high-resolution level that can be achieved by a transmission electron 
microscope, the immunogold staining technique (IGS) was used to visualize P2X4R 
distribution inside DRG cells of paclitaxel-treated rats. Due to its high electron density, 
the gold particle increases the dispersion of electrons, thus P2X4R were observed as 
widely distributed well-defined black dots in all DRG cells, that is, SGC and neurons. 
The subcellular analysis revealed the presence of these receptors in the nucleus, 
cytoplasm, and plasma membrane of satellite cells (Figure 14B). They were also 
detected in Nissl bodies, mitochondria, regions of membrane interdigitation, rough 
endoplasmic reticulum and Golgi complex. In neuronal bodies, the same pattern of 
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localization was observed (Figure 15B). In grids used as controls, i.e. incubated only 
with secondary antibody, any P2X4R+ labeling was observed (Figures 14A and 15A).        
      
 
Figure 14. Subcellular distribution of P2X4R in SGC of dorsal root ganglion after immunogold 
staining. A. Electron micrographs of DRG histological sections showing a rat satellite cell. The 
section was incubated only with secondary antibody for nonspecific labeling control 
(magnification: 16700x). B. Electron micrograph showing an SGC surrounding the neuronal 
body. Positive P2X4R labeling is observed throughout the cytoplasm, nucleus, plasma 
membrane, and cell organelles (arrows) (magnification: 27800x). Inset: Detail of P2X4R labeling 
on SGC. Satellite Cell (SC), Neuron (Ne), Nucleus (N), Cytoplasm (C), Plasma Membrane (PM), 
Nissl Bodies (NB), Mitochondria (M), Membrane Interdigitations (MI) and Rough Endoplasmic 
Reticulum (RER). 
 
 
Figure 15. Subcellular distribution of P2X4R in neuronal bodies of dorsal root ganglion after 
immunogold staining. A. Electron micrographs from DRG sections showing a portion of the 
nucleus and cytoplasm of a neuron after incubation with a secondary antibody for nonspecific 
labeling control (magnification: 27800x). B. Electron micrograph showing a DRG neuron with 
P2X4R positive labeling distributed throughout the cytoplasm, nucleus, plasma membrane and 
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neuronal body organelles (arrows). Note the satellite cell surrounding the neuronal body 
(magnification: 12930x). Inset: Detail of P2X4R labeling in the nucleus and neuronal cytoplasm. 
Satellite Cell (SC). Nucleus (N), Cytoplasm (C), Plasma Membrane (PM), Nissl Bodies (NB), 
Mitochondria (M), Membrane Interdigitations (MI), and Rough Endoplasmic Reticulum (RER). 
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Discussion  
 
In this study, we scanned the participation of peripheral P2X4R purinergic 
signaling in the hyperalgesia induced either by inflammation or neuropathy and 
highlighted its importance to some but not all pain conditions. We found out that P2X4R 
activation is, in a sex-dependent manner, an important pro-algesic molecule in the 
mechanisms involving neuropathic hyperalgesia, but it is not the main pathway 
responsible for inflammatory hyperalgesia, neither in acute nor in chronic forms. 
Our results confirm that single intraperitoneal or multiple administrations of 
antineoplastic paclitaxel induce neuropathic pain equally in male and female rats, 
however, by targeting the P2X4R pathway, the painful condition is prevented or 
reversed only in males. The mechanism by which P2X4R acts on neuropathic 
hyperalgesia is well described in the central nervous system of males and involves 
microglial activation, followed by upregulation and activation of P2X4R by endogenous 
ATP. These events initiate a central signaling pathway mediated by the release of 
BDNF which, via neuronal TrkB receptors, causes downregulation of KCC2 
(Potassium Chloride 2 cotransporter), responsible for chloride extrusion. This increase 
in intracellular chloride impairs inhibitory synaptic transmission mediated by GABA-A, 
turning the inhibitory GABAergic phenotype into excitatory and causing increased 
sensitization of the nociceptive neurons of Aδ- and C-fibers in the spinal dorsal horn 
[2; 51; 40; 35]. By impairing P2X4R signaling in the spinal cord and disrupting this 
pathway, central pain-related sensitization is abolished. 
Western blot analysis demonstrated a reduction in P2X4R expression in the 
DRG of rats treated with P2X4R antisense ODN, indicating that the preventive effect 
observed in acute hyperalgesia development could be linked to the decrease in P2X4R 
activity initially in the DRG. Paclitaxel injections also resulted in the upregulation of this 
receptor in DRG and, although microglial P2X4R are directly responsible for the central 
sensitization related to chronic neuropathic pain, events that happen initially in the 
DRG mediated by peripheral P2X4R might be the main trigger for the development of 
the final chronic hyperalgesic condition.  
We hypothesize here that this above-mentioned mechanism might count on 
other immune cell contribution. Previous researches attested that, after the 
administration of paclitaxel, the activation of the innate immune system in rats leads to 
the infiltration of macrophages in the DRG in a time course corresponding to the onset 
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of mechanical hypersensitivity [52]. P2X4R are also upregulated in resident IBA-1  
macrophages of the DRG in neuropathic conditions [28], highlighting these cells as 
important contributors to the development and maintenance of neuropathic pain, 
paralleling the microglial (and P2X4R) activation in the spinal cord [17; 52; 50].  
We confirmed that paclitaxel-induced neuropathic pain does not depend on 
P2X4R activation in females. In CNS of females, the role of microglia (macrophage-like 
cells) in the development and maintenance of hyperalgesia is sexually dimorphic. 
When it comes to P2X4R, females do not increase the expression of P2X4R in the 
spinal cord and neuronal hypersensitivity would be mediated by a pathway 
independent of microglia and P2X4R itself [33]. The pain mechanism used by females 
is still unclear, but again, some studies point toward the involvement of the central 
adaptive immune system cells [33; 25].  
We also attested that in paclitaxel-induced neuropathy, females do not 
upregulate P2X4R in DRG either. However, depletion of DRG macrophages reduces 
the mechanical hypersensitivity induced by nerve damage in both male and female 
rats [50]. Thus, the activation of P2X4R in DRG could very well be the point at which 
paclitaxel-induced hyperalgesia may vary between males and females.  
In the P2X4R-dependent hyperalgesia model (males), behavioral tests were 
performed using a P2X4R selective antagonist, PSB 12062, injected into lumbar 
ganglion 5 (DRG-L5). In both neuropathic conditions, ganglionic injections resulted in 
the same antihyperalgesic effect observed after antisense ODN treatment. These 
results also corroborate a work recently published by our group demonstrating that 
ganglionic injection of another P2X4R antagonist, PSB-15417, reversed neuropathic 
mechanical hyperalgesia induced by diabetes [38], indicating that the activation of 
P2X4R in the DRG contributes effectively for the development and later maintenance 
of neuropathy-induced mechanical hyperalgesia in males.  
Considering that hyperalgesia may also have an inflammatory stimulus as its 
main trigger, we investigated whether P2X4R participate in acute or chronic 
inflammatory hyperalgesia. The effect P2X4R antisense ODN treatment has been 
assessed and did not inhibit or reverse the hyperalgesic condition. In peripheral tissue, 
the PGE2 promotes neuronal sensitization acting as a final mediator of inflammatory 
hyperalgesia through activation of EP receptors, especially types 4 and 2 [23]. In an 
inflammatory situation, enzymes cyclooxygenase 2 (COX 2), the main target of 
inhibition by non-steroidal anti-inflammatory drugs [45], enhance PGE2 synthesis, 
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which in turn induces the externalization of more EP4 receptors. Thus, we hypothesize 
that this autocrine mechanism actively works to enhance nociceptor sensitization [19; 
23] without the direct participation of purinergic receptors, and P2X4R signaling does 
not interfere in the final sensitization of nociceptive neurons. This statement was 
reinforced by the fact that the blockade of P2X7R in the DRG by a selective antagonist, 
A740003, did not ameliorate PGE2-induced mechanical hyperalgesia either [26].  
Conversely, in a carrageenan-treated rat, in which the classical inflammatory 
cascade pathway was activated, mechanical hyperalgesia was slightly attenuated by 
ganglionic P2X4R antagonist, but not completely reversed as it happens when 
antagonizing other purinergic receptors, like P2X3R or P2X7R [27; 36]. A very important 
step in carrageenan pathway is the endogenous release of ATP that specifically 
activates P2X3R, highly expressed in DRG neurons and an essential step of the 
development of the hyperalgesia [27], and P2X7R,  which is necessary for maturation 
and release of the cytokine IL-1β [12; 7]. Based on these results, we infer that DRG 
P2X4R signaling have only a minor function in the development of carrageenan-
induced hyperalgesia and the activity of P2X3R and P2X7R overlaps P2X4R one.  
Administration of capsaicin intrathecally can inactivate or even destroy, in a 
dose-dependent manner, the nociceptive terminal of the neuron TRPV1+ (C-fibers) and 
promote an increase in intracellular calcium. The activation of calcium-dependent 
proteins causes the desensitization of TRPV1 receptors [11] and further release of 
substance P from the primary afferent terminals which induces a prolonged, or even 
permanent, depletion of the substance P stocks of the primary neurons responsible for 
the transmission of the noxious stimulus, culminating in both thermal and mechanics 
analgesia [31; 32]. To deepen our investigation around the mechanism involved in the 
development of both inflammatory and neuropathic hyperalgesia, we used the 
administration of IT capsaicin before a pro-algesic stimulus. As expected, animals 
treated with capsaicin did not develop mechanical hyperalgesia after a pro-
inflammatory stimulus (PGE2), but any change was observed in paclitaxel-induced 
neuropathic hyperalgesia, neither after one nor after multiple injections. These results 
suggest that, through an unknown mechanism, paclitaxel-induced hyperalgesia is 
characterized by pronounced sensitization of myelinated A-fibers. 
Noteworthy that, in DRG, paclitaxel injection results in a persistent deficit in 
mitochondrial bioenergetics before the first hyperalgesia signals. These events were 
considered important factors in the development and maintenance of hyperalgesia and 
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involved indiscriminately mitochondria of both A- and C- fibers [10]. Another important 
consequence of paclitaxel treatment is the activation of TLR4 receptor and induction 
of pro-inflammatory response mediated by immune-related cells [22; 48]. After all, 
several events seem to converge to the development of paclitaxel-induced 
hyperalgesia, and we cannot rule out that desensitization of TRPV1+ neurons (C-fibers) 
might not represent too much relief in neuropathic conditions.  
Immunofluorescence staining revealed that P2X4R are widely spread in both 
nociceptive fibers and satellite glial cells. However, the space between a neuron and 
its SGC is extremely small [15; 29; 16] which makes the distinction between the 
neuronal and SGC membranes extremely difficult with this technique. Thus, 
transmission electron microscopy (TEM) gave us a more precise histological 
characterization of P2X4R in DRG. P2X4R+ labeling was observed in neurons and SGC 
widespread in cytoplasm and plasma membranes. Their presence in Nissl bodies, 
which are portions of rough endoplasmic reticulum with intense protein synthesis, was 
expected once paclitaxel induces upregulation of this receptor.   
P2X4R have also been detected in regions with interdigitations of neuron and 
SGC membranes. During a neuropathic process, this membrane extensions increase 
neuronal surface (from 30% to 40%) and allow a greater exchange of chemical 
substances between both cells [15], we believe that through an unknown mechanism, 
P2X4R could also be part of this neuron-glia communication. The precise mechanism 
that makes the overexpressed P2X4R be recruited toward neuronal and SGC 
membrane is still unclear and needs further investigation. In stimulated microglia, it is 
believed that this trafficking occurs via P2X4R-containing lysosomal vesicles having C-
C chemokine receptor CCR2 as a regulator of the P2X4R movement to the microglial 
surface [39]. 
P2X4R+ labeling was detected in or close to mitochondria. However, any 
reference to the presence of ion channels such as purinergic receptors in mitochondria 
had been made before, which means that this finding would be unprecedented, but still 
needs further investigation. An interaction between purinergic signaling and 
mitochondria had been previously demonstrated in two situations and both involved 
the adaptive immune system functioning. T-cells have their function regulated by the 
release of ATP and autocrine feedback through purinergic receptors [21] in which 
mitochondria are responsible for producing the ATP necessary for the purinergic 
pathway activation and also for maintaining the homeostasis of cytosolic Ca2+ levels 
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that support T-cell responses. T-cells also depend on ATP and P2X4R activation to 
migrate towards antigen-presenting cells. The stimulation of the chemokine SDF-1α 
(Stromal-Derived Factor-1α) promotes the accumulation of mitochondria in a 
membrane region with high P2X4R concentration. Activated by ATP, P2X4Rs maintain 
the Ca2+ influx and the synthesis of mitochondrial ATP at the levels required for 
pseudopod protrusion [21]. Interestingly, blocking P2X4Rs with a selective antagonist 
resulted in a progressive reduction in mitochondrial activity and the release of ATP. 
In conclusion, we point out that P2X4R is, in a sex-dependent manner, a 
molecule predominantly neuropathic. Our results have shown that these receptors are 
distributed and overexpressed in neuronal bodies and satellite glial cells of the DRG 
after paclitaxel systemic delivery. P2X4R are also upregulated in macrophages of the 
DRG in neuropathic conditions [28], so this brings light to the fact that interaction 
between macrophages - sensory neurons – glial cells in the DRG, paralleling with the 
neuron - microglia interaction in the spinal cord, through P2X4R activation, might be 
the first major contributor to the neuropathic pain phenotype. Although this relationship 
requires further analysis, the knowledge accumulated so far highlights the P2X4R in  
DRG as a target for the development of more modern pain therapies, mainly that ones 
that might be directed to the peripheral nervous system, protecting CNS structures and 
potentially reducing the most common undesirable side effects of the current 
treatments. 
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5. Considerações finais   
__________________________________________________________________________________ 
emonstramos, pela primeira vez, que a ativação dos receptores P2X4R 
pelo ATP endógeno no GRD contribui para o desenvolvimento e 
manutenção da hiperalgesia neuropática induzida pela administração do 
antineoplásico paclitaxel em ratos machos. Essa participação, no entanto, é mais 
proeminente em modelo de neuropatia do que naqueles cuja hiperalgesia tem origem 
após um estímulo inflamatório, indicando que os mecanismos de neuroplasticidade 
pró-nociceptiva que envolvem esse receptor podem diferir conforme a origem do 
estímulo desencadeante.  
Em se tratando das fêmeas, existe dimorfismo sexual em relação à ativação dos 
P2X4R: as fêmeas respondem igualmente à administração do paclitaxel, mas não 
aumentam a expressão deste receptor no GRD, fato também já demonstrado 
anteriormente na medula espinal (Sorge et al., 2015), e o tratamento tendo por alvo 
os P2X4R não reverte a hiperalgesia neuropática. O mecanismo envolvido no 
desenvolvimento e manutenção da hiperalgesia neuropática em fêmeas ainda não foi 
elucidado.     
Demonstramos também que a hiperalgesia neuropática dos machos envolve, 
predominantemente, a sensibilização de nociceptores pertencentes às fibras A, mas  
que a atuação dos P2X4R não é fibra-específica.  Estes receptores estão amplamente 
distribuídos nos corpos neuronais associados tanto às fibras A quanto às fibras C, 
assim como nas células satélites gliais.  
Os P2X4R são superexpressos nas células do GRD após a administração 
sistêmica de paclitaxel. Observamos que está distribuído por núcleo, organelas 
relacionadas à síntese proteica e em regiões de interdigitações de membranas. 
Considerando que, em condição neuropática, esses prolongamentos da membrana 
aumentam a área de contato entre neurônios e células satélites, é possível que os 
P2X4R também atuem na comunicação neurônio-glia contribuindo para a plasticidade 
do GRD que resulta em sensibilização neuronal. Os eventos desencadeados pela 
ativação dos P2X4R, bem como as possíveis substâncias pró-algésicas liberadas pelo 
GRD, ainda são desconhecidos. 
Por fim, mesmo que na medula espinal a relação do P2X4R microglial com a 
sensibilização neuronal já esteja estabelecida, acreditamos que sua ativação no GRD 
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seja um evento inicial importante para o desenvolvimento da hiperalgesia mecânica 
de origem neuropática. Dado que, pesquisas anteriores demonstraram que a 
expressão de P2X4R também é aumentada em macrófagos do GRD após a indução 
de neuropatia (Otoshi et al., 2010), sugerimos que uma possível interação entre 
macrófagos - neurônios sensoriais - células gliais no GRD, paralelamente à interação 
neurônio - micróglia na medula espinal, através da ativação do P2X4R, possa ser a 
principal responsável pela manifestação da dor neuropática. Embora essa relação 
exija investigação, o conhecimento acumulado até o momento destaca o P2X4R como 
uma importante molécula-alvo para o desenvolvimento de terapias mais modernas 
para o controle da dor, que estejam direcionadas principalmente ao sistema nervoso 
periférico.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
  
 
64
6. Referências  
__________________________________________________________________________________ 
 AL-AWQATI, Q. Regulation of Ion Channels by ABC Transporters That Secrete ATP. 
Science, v.269, p.805-806. Aug. 1995. 
 
AMBALAVANAR, R., MORITANI, M., et al. Trigeminal P2X3 receptor expression differs from 
dorsal root ganglion and is modulated by deep tissue inflammation. Pain, v.117, n.3, 
p.280-91. Oct. 2005. 
 
ANDÓ, R. D., MÉHÉSZ, B., et al. A comparative analysis of the activity of ligands acting 
at P2X and P2Y receptor subtypes in models of neuropathic, acute and 
inflammatory pain. British Journal of Pharmacology, v.159, p.1106–1117. Feb. 
2010. 
 
ARALDI, D., FERRARI, L.F., et al. Peripheral inflammatory hyperalgesia depends on the 
COX increase in the dorsal root ganglion. PNAS, v.110, n.9, p.3603–3608. Feb. 
2013. 
 
BASBAUM, A., BAUTISTA, D.M., et al. Cellular and molecular mechanisms of pain. Cell, 
v.139, n.2,p.267–284. Oct. 2009. 
 
BEAMER, E., GÖLÖNCSÉR, F. et al. Purinergic mechanisms in neuroinflammation: An 
update from molecules to behavior. Neuropharmacology, v.104, p. 94-104. Sep. 
2016. 
 
BEGGS, S., TRANG, T., et al. P2X4R+ microglia drive neuropathic pain, Nature 
Neuroscience, v. 15, n.8, p.1068-1073. Aug. 2012. 
 
BODDEKE, E.W. Involvement of chemokines in pain. Eur J Pharmacol, v. 429, p.115-
119. 2001. 
 
BOUMECHACHE, M., MASIN, M., et al. Analysis of Assembly and Trafficking of Native 
P2X4 and P2X7 Receptor Complexes in Rodent Immune Cells. The Journal of 
Biological Chemistry, v.284, n.20, p. 13446 –13454. May. 2009. 
 
BURNSTOCK, G. Purinergic Nerves. Pharmacological Reviews September, V.24, n.3, p.509-
581. Sep. 1972. 
 
BURNSTOCK, G. P2X receptors in sensory neurons. Br J Anaesth, v.84, n.4, p.476-88. 
Apr. 2000. 
 
BURNSTOCK, G. Purine and pyrimidine receptors. Cell Mol Life Sci, v.64, n.12, Jun, 
p.1471-83. 2007a.  
 
    
  
 
65
BURNSTOCK, G. Physiology and pathophysiology of purinergic neurotransmission. 
Physiol. Rev., v.87, p.659–797. 2007b. 
 
BURNSTOCK, G. Purinergic signalling: its unpopular beginning, its acceptance and its 
exciting future. Bioessays, v.34, p.218-225. 2012. 
 
BURNSTOCK, G. Purinergic mechanisms and pain. Advances in Pharmacology,  v.75, 
p.91-137. 2016a. 
 
BURNSTOCK, G.  P2X ion channel receptors and inflammation. Purinergic Signalling, 
v.12, p. 59-67. 2016b. 
 
CHRISTIANSON, C.A., CORR, M., et al. Characterization of the acute and persistent pain 
state present in K/BxN serum transfer arthritis. Pain, v.151, n.2, p.394-403. Nov. 
2010. 
 
CHRISTIANSON C.A., DUMLAO, D.S., et al. Spinal TLR4 mediates the transition to a 
persistent mechanical hypersensitivity after the resolution of inflammation in serum-
transferred arthritis. Pain, v. 152, n.12, p.2881-2891. 2011. 
 
CHRISTIANSON, C.A., CORR, M., et al. K/BxN Serum transfer arthritis as a model of 
inflammatory joint pain. Methods Mol Biol. v.851, p.249–260. May. 2012. 
 
CISNEROS-MEJORADO, A., PÉREZ-SAMARTIN, A., et al. ATP Signaling in Brain: Release, 
Excitotoxicity and Potential Therapeutic Targets. Cell Mol Neurobiol., v.35, p.1–6. 
2015. 
 
COSTA, F.A.L., NETO, F. L.M. Células gliais satélite de gânglios sensitivos: o seu papel 
na dor. Rev Bras Anestesiol, v.65, n.1, p.73-81. May. 2015. 
 
COULL, J.A., BEGGS, S., et al. BDNF from microglia causes the shift in neuronal anion 
gradient underlying neuropathic pain. Nature, v.438, p. 1017-1021. 2005. 
 
DAHLHAMER, J., LUCAS, J., ZELAYA, C., et al. Prevalence of Chronic Pain and High-
Impact Chronic Pain Among Adults — United States. MMWR Morb Mortal Wkly Rep, 
v.67, p.1001–1006. 2018 
 
DELEO, J.A., YEZIERSKI, R.P. The role of neuroinflammation and neuroimmune 
activation in persistent pain. Pain, v. 90, p. 1-6. 2001. 
 
DINA, O. A. CHEN, X., et al. Role of protein kinase C and protein kinase A in a model 
of paclitaxel-induced painful peripheral neuropathy in the rat. Neuroscience, v.108, 
n.3, p.507-515. 2001. 
 
    
  
 
66
DONEGAN, M., KERNISANT, M., et al. Satellite glial cell proliferation in the trigeminal 
ganglia after chronic constriction injury of the infraorbital nerve. Glia, v.61, p.2000-
2008. 2013. 
 
DOS SANTOS, F.A.A. SOUZA, J.B., et al. Prevalence of chronic pain and its association 
with the sociodemographic situation and physical activity in leisure of elderly in 
Florianópolis, Santa Catarina: population-based study. Rev. Bras. Epidemiol., v.18, 
n.1, p.234-47. Mar. 2015. 
 
DUNN, P. M., ZHONG, Y., et al. P2X receptors in peripheral neurons. Prog Neurobiol, 
v.65, n.2, p.107-34. Oct. 2001. 
 
FAAS, M.M., SAEZ, T. et al. Extracellular ATP and adenosine: The Yin and Yang in 
immune responses? Molecular Aspects of Medicine, v.55, p.9-19. Jan. 2017. 
 
FERRARI, D., PIZZIRANI, C., et al. The P2X7 receptor: a key player in IL-1 processing and 
release. J Immunol, v.176, n.7, p.3877-83. Apr. 2006. 
 
GEVER, J.R., COCKAYNE, D.A., et al. Pharmacology of P2X channels. Pflugers Arch, 
v.452, p.513-537. 2006. 
 
GRACE, P.M., HUTCHINSON, M.R., et al. Pathological pain and the neuroimmune 
interface. Nature Rev Immunol., v.14, n.4, p.217–231, Apr. 2014. 
 
GU, J.G. E MACDERMOTT, A.B. Activation of ATP P2X receptors elicits glutamate 
release from sensory neuron synapses. Nature, v.389, p.749-753. Oct. 1997. 
 
GUO, L.H., TRAUTMANN, K., et al.  Expression of P2X4 receptor by lesional activated 
microglia during formalin-induced inflammatory pain. Journal of Neuroimmunology, 
v. 163, p.120–127. Mar. 2005. 
 
GUO, L.H., GUO, K.T., et al. Combinations of TLR and NOD2 ligands stimulate rat 
microglial P2X4R expression. Biochem Biophys Res Commun., v. 349, n.3, p.1156-
62. Sep. 2006. 
 
HANANI, M. Satellite glial cells in sensory ganglia: from form to function. Brain Res Brain 
Res Rev, v.48, n.3, p.457-76. Jun. 2005. 
 
HU, P., MCLACHLAN, E. M. Distinct functional types of macrophage in dorsal root ganglia 
and spinal nerves proximal to sciatic and spinal nerve transections in the rat. Exp. 
Neurol, v.184, p.590–605. Dec 2003. 
 
HUANG, P., ZOU, Y., et al. P2X4 Forms Functional ATP-activated Cation Channels on 
Lysosomal Membranes Regulated by Luminal pH. The Journal of Biological 
Chemistry, v.289, n. 25, p.17658–17667, Jun. 2014. 
 
    
  
 
67
IASP. IASP Taxonomy – IASP 2017. Disponível em: https://www.iasp-
pain.org/Education/Content.aspx?ItemNumber=1698&navItemNumber=576#Allod
ynia. Acesso em 27 de Fev. 2020. 
 
INOUE, K. Purinergic systems in microglia. Cell. Mol. Life Sci., v.65, p.3074 – 3080. 
2008. 
 
INOUE, K., TSUDA, M. Microglia in neuropathic pain: cellular and molecular 
mechanisms and therapeutic potential. Nature Reviews, p.1-15. Feb. 2018.   
KAWATE, T., MICHEL, J.C., et al. Crystal structure of the ATP-gated P2X4 ion channel in 
the closed state. Nature, v.460, n.7255, p.592–598. Jul. 2009. 
 
KIM, Y.S., ANDERSON, M., et al. Coupled activation of primary sensory neurons 
contributes to chronic pain. Neuron, v.91, p.1085–1096 Sep. 2016. 
 
KLEIN, K., AESCHLIMANN, A., et al. ATP induced Brain-Derived Neurotrophic Factor 
expression and release from osteoarthritis synovial fibroblasts is mediated by 
purinergic receptor P2X4. Plos One, v.7, n.5, p. 1-9.  May 2012. 
 
LALISSE, S., HUA, J., et al. Sensory neuronal P2RX4 receptors controls BDNF signaling in 
inflammatory pain. Scientific Reports, v.8, n.964, p.1-12. Jan. 2018. 
 
LAZAROWSKI, E.R. Vesicular and conductive mechanisms of nucleotide release. 
Purinergic Signalling, v.8, p.359–373. 2012. 
 
LI, F., GUO, N., et al. Inhibition of P2X4 suppresses joint inflammation and damage in 
collagen-Induced arthritis. Inflammation, v.37, n.1, p.146-153. Feb. 2014. 
 
LIU, F.Y., SUN, Y.N., et al. Activation of satellite glial cells in lumbar dorsal root ganglia 
contributes to neuropathic pain after spinal nerve ligation. Brain Res, v.1427, p.65-
77. 2012. 
 
LONG, T., HE, W., et al. Microglia P2X4 receptor contributes to central sensitization 
following recurrent nitroglycerin stimulation. Journal of Neuroinflammation, v.15, 
n.245, p. 1-11. 2018. 
 
MANION, J., WALLER, M.A., et al. Developing modern pain therapies. Frontiers in 
Neuroscience, v.13, n.1370, p. 1-22. Dec. 2019.  
 
MASUDA T., OZONO, Y., et al. Dorsal horn neurons release extracellular ATP in a VNUT-
dependent manner that underlies neuropathic pain. Nature Communications, n.7: 
12529, p.1-11. Aug. 2016. 
 
MATSUMURA, Y., YAMASHITA, T., et al. A novel P2X4 receptor-selective antagonist 
produces anti-allodynic effect in a mouse model of herpetic pain. Scientific Reports, 
v. 6, n.32461, p.1-11. 2016. 
 
    
  
 
68
MENG, X., GAO, J., et al. Toll-Like Receptor-4/p38 MAPK Signaling in the dorsal horn 
contributes to P2X4 receptor activation and BDNF over-secretion in cancer induced 
bone pain. Neuroscience Research, v.125, p.37-45. Dec. 2017. 
 
NORTH, R.A. Molecular physiology of P2X receptors. Physiol Ver, v.82, p.1013-1067. 
2002. 
 
OHARA, P.T., VIT, J.P., et al. Gliopathic pain: when satellite glial cells go bad. 
Neuroscientist, v.15, p.450–63. 2009. 
 
OLIVEIRA, M.C.G., PELEGRINI-DA-SILVA, A., et al. Peripheral mechanisms underlying the 
essential role of P2X3, 2/3 receptors in the development of inflammatory 
hyperalgesia. Pain, v.141, p.127–134, Jan. 2009. 
 
OTOSHI, K., KIKUCHI, S., et al. The reactions of glial cells and endoneurial macrophages 
in the dorsal root ganglion and their contribution to pain-related behavior after 
application of nucleus pulposus onto the nerve root in rats. Spine (Phila Pa 1976), 
v.35, p.10-17. 2010. 
 
PARK, H.J., STOKES, J.A., et al.  Toll-like receptor signaling regulates cisplatin-induced 
mechanical allodynia in mice. Cancer Chemother Pharmacol., v.73, n.1, p.25–34. 
Jan. 2014. 
 
PETRUSKA, J. C., COOPER, B. Y., et al. Distribution of P2X1, P2X2, and P2X3 receptor 
subunits in rat primary afferents: relation to population markers and specific cell 
types. J Chem Neuroanat, v.20, n.2, p.141-62. Nov. 2000. 
 
PRADHAN, A.A., SMITH, M.L., et al. Characterization of a novel model of chronic 
migraine. Pain, v.155, p.269–274. 2014. 
 
PRADO, F.C, ARALDI, D., et al. Neuronal P2X3 receptor activation is essential to the 
hyperalgesia induced by prostaglandins and sympathomimetic amines released 
during inflammation. Neuropharmacology, v.67, p.252-258. Apr. 2013. 
 
RUVIARO, L.F. , FILIPPIN, L.I. Prevalence of chronic pain in a Basic Health Unit of a 
middle-sized city. Rev Dor, v.13, n.2, p.128-31. abr-jun 2012. 
 
SCHOLZ, J., WOOLF, C.J. The neuropathic pain triad: neurons, immune cells and glia. 
Nature Neuroscience, v.10, n.11, p.1361-1368. Nov. 2007. 
 
SHINOZAKI, Y., SUMITOMO, K., et al. Direct Observation of ATP-Induced Conformational 
Changes in Single P2X4 Receptors. PLoS Biology, v.7, n.5, p.1-12. May 2009. 
 
SORGE, R.E., MAPPLEBECK, J.C.S., et al. Different immune cells mediate mechanical 
pain hypersensitivity in male and female mice. Nature Neuroscience, p.1-5, Jun. 
2015. 
    
  
 
69
 
SOTO, F., GARCIA-GUZMAN, M., et al. P2X4: An ATP-activated ionotropic receptor cloned 
from rat brain. Proc. Natl. Acad. Sci., v.93, p.3684-3688. Apr. 1996. 
 
SOUZA, G.R., TALBOT, J., et al. Fractalkine mediates inflammatory pain through 
activation of satellite glial cells. Proc Natl Acad Sci, v.110, p.11193-11198. 2013. 
 
SPERLAGH, B., VIZI, E. S., et al. P2X7 receptors in the nervous system. Prog Neurobiol, 
v.78, n.6, p.327-46. Apr. 2006. 
 
STOKES, L., LAYHADI, J. A., et al. P2X4 receptor function in the nervous system and 
current breakthroughs in pharmacology. Frontiers in Pharmacology, v. 8, p.1-15. 
May. 2017. 
SURPRENANT, A., NORTH, R.A. Signaling at purinergic P2X receptors. Annu Rev 
Physiol., v.71, p.333-59. 2009. 
 
TEIXEIRA, J.M., OLIVEIRA, M.C., et al. Involvement of temporomandibular joint P2X3 and 
P2X2/3 receptors in carrageenan-induced inflammatory hyperalgesia in rats. 
European Journal of Pharmacology, v.645, p.79–85. 2010a. 
 
TEIXEIRA, J.M., OLIVEIRA, M.C., et al. Peripheral mechanisms underlying the essential 
role of P2X7 receptors in the development of inflammatory hyperalgesia. Eur J 
Pharmacol, v.644, p.55-60. 2010b. 
 
TEIXEIRA, J.M., DOS SANTOS, G.G., et al. Diabetes-induced neuropathic mechanical 
hyperalgesia depends on P2X4 receptor activation in dorsal root ganglia. 
Neuroscience, v.398, p.158–170. 2019. 
 
TOULME, E., TSUDA, M., et al. On the role of ATP-gated P2X receptors in acute, 
inflammatory and neuropathic pain. In Translational Pain Research: From Mouse to 
Man; Kruger, L., Light, A.R., Eds.; CRC Press: Boca Raton, FL, USA. 2010. 
 
TOYOMITSU, E., TSUDA, M., et al. CCL2 promotes P2X4 receptor trafficking to the cell 
surface of microglia. Purinergic Signalling, v.8, p.301–310. Jan. 2012. 
 
TRANG, T., BEGGS, S., et al. P2X4-receptor-mediated synthesis and release of brain-
derived neurotrophic factor in microglia is dependent on calcium and p38-mitogen-
activated protein kinase activation. J Neurosci, v.29, p.3518-3528. 2009. 
 
TSUDA, M. Microglia in the spinal cord and neuropathic pain. J Diabetes Investig., v. 7, 
p.17–26. Jan. 2016. 
 
TSUDA, M., SHIGEMOTO-MOGAMI, Y., et al. P2X4 receptors induced in spinal microglia 
gate tactile allodynia after nerve injury. Nature, v.424, p.778-783. 2003.  
 
    
  
 
70
TSUDA, M., MIZOKOSHI, A., et al. Activation of p38 mitogen-activated protein kinase in 
spinal hyperactive microglia contributes to pain hypersensitivity following peripheral 
nerve injury. Glia, v.45. p.89-95. 2004. 
 
TSUDA, M., KUBOYAMA, K., et al. Behavioral phenotypes of mice lacking purinergic P2X4 
receptors in acute and chronic pain assays. Mol Pain, v.5, p.28. 2009. 
 
ULMANN, L., HATCHER, J.P., et al. Upregulation of P2X4 receptors in spinal microglia 
after peripheral nerve injury mediates BDNF release and neuropathic pain. J 
Neurosci, v.28, p.11263-11268. 2008. 
 
ULMANN, L., HIRBEC, H., et al. P2X4 receptors mediate PGE2 release by tissue-
macrophages and initiate inflammatory pain. The EMBO Journal, v.29, p.2290-
2300. 2010. 
 
VASCONCELOS, F.H., ARAÚJO, G.C. Prevalence of chronic pain in Brazil: a descriptive 
study. Br J Pain. v.1, p.176-179. abr-jun, 2018.  
 
WOLLER. S.A., EDDINGER, K.A., et al. An overview of pathways encoding nociception. 
Clin Exp Rheumatol, v.35 (Suppl. 107), S40-S46. 2017. 
 
YU, X., LIU, H., et al. Dorsal root ganglion macrophages contribute to both the initiation 
and persistence of neuropathic pain. Nature Communications,  v.11, n.264, p.1-12. 
2020. 
 
ZEILHOFER, H.U., BENKE, D., et al. Chronic Pain States: Pharmacological strategies to 
restore diminished inhibitory spinal pain control. Annu. Rev. Pharmacol. Toxicol., 
v.52, p.111–33. 2012. 
 
ZHANG, X. F., HAN, P., et al. Functional expression of P2X7 receptors in non-neuronal 
cells of rat dorsal root ganglia. Brain Res, v.1052, n.1, p.63-70. Aug. 2005. 
 
ZHANG, X., CHEN, Y., et al. Neuronal somatic ATP release triggers neuron–satellite glial 
cell communication in dorsal root ganglia. Proceedings of the National Academy of 
Sciences, v.104, n.23, p.9864-9. Jun. 2007. 
 ZHANG, H., LI, Y., et al. Dorsal root ganglion infiltration by macrophages contributes to 
paclitaxel chemotherapy induced peripheral neuropathy. J Pain, v.17, n.7, p.775–
786. Jul. 2016. 
 
ZOUIKR, I., KARSHIKOFF, B. Lifetime modulation of the pain system via Neuroimmune 
and neuroendocrine interactions. Frontiers in Immunology, v.8, n.276, p.1-18. Mar. 
2017. 
 
 
 
 
    
  
 
71
7. Apêndice 1 
__________________________________________________________________________________ 
Relatório do trabalho desenvolvido durante estágio de pesquisa no 
exterior  
 
University of California San Diego – School of Medicine 
Laboratory of Anesthesiology 
Supervisor: Dr. Tony L. Yaksh 
BEPE Fapesp 2018/05778-3 
 
1Catroli, GF; 2Moreno, AM; 3dos Santos, G; 2Mali, P; 1Parada, CA; 3Yaksh, 
TL 
 
¹Center for Pain Studies, Department of Structural and Functional Biology.  
2Department of Bioengineering, University of California San Diego, CA, USA. 
3Department of Anesthesiology, University of California San Diego, CA, USA. 
 
Characterization of the role of P2X4R purinergic signaling in spinal 
nociceptive processing 
(Draft Manuscript) 
1. Introduction  
 
The relationship between purinergic signaling in general and pain is very well 
characterized in several models of inflammatory and neuropathic pain. Having ATP as 
their neurotransmitter, the P2 receptors family can be the trigger of different pathways 
that leads to the release of pro algesic substances and neuronal sensitization (Tsuda 
and Inoue, 2016; Burnstock, 2016; Beamer et al., 2016). BzATP is one of the no target-
specific ATP analogs that can bind to purinergic receptors activating them, and it has 
been demonstrated that, after one single dose delivered intrathecally it can cause 
allodynia measured for up to 48h in mice.  
To check in which extension purinergic signaling participates, or not, on pain 
input and processing at the spinal cord level, their interaction with other important 
receptors and channels pathway was investigated.  
 General research strategy and rationale    
 In the present work, the study strategy adhered to the following logic.  
1). We first characterize the effects of specifically activating spinal signaling 
through P2X receptors, by the IT delivery of BzATP.  These results established a 
working dose for P2X receptor activation.   
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2).  This was followed by assessing the ability of defined P2X4R antagonists, 
given IT or IP, to reverse the allodynia produced by the IT BzATP. 
 3). To examine the role of P2X4R on TLR4 and NMDA signaling, we 
demonstrated the dose of TLR4 and NMDA agonists to produce tactile allodynia and 
the ability to reverse these effects by eponymous target antagonists, and then the 
effects of IT P2X4R antagonists on the allodynia produced by IT TLR4/NMDA agonists.   
4). We then examined the effects of P2X4R antagonists on the allodynia 
produced by formalin, carrageenan and KBxN arthritis.  
5).  As the real selectivity of the antagonists on P2X4R signaling is poorly 
defined, we undertook to specifically knock out P2X4R signaling using the intrathecal 
delivery of AAV CRISPR and assessed the effects upon BzATP initiated allodynia.   
6). We also followed up on several ancillary aspects of the allodynia produced 
by BzATP using a KO of DRG Nav 1.7, a sodium channel subtype restricted in its 
distribution to the polymodal nociceptors.   
7)  We further perused the role of P2X signaling and the TLR4 signaling by 
examining the effects of A1BP which serves to disrupt aspects of spinal nociceptive 
processing through altering TLR4 associated lipid rafts.  
8) The role of P2X4R signaling on neuropathic pain induced by the 
chemotherapeutic cisplatin was also examined after IT or IP P2X4R antagonist 
administration.  
2. Research protocol and specific methods  
Animals. All mice experiments were conducted according to protocols 
approved by the Institutional Animal Care and Use Committee (IACUC) of the 
University of California, San Diego. Wild type C57Bl/6 male mice (25–30 g) purchased 
from Harlan (Indianapolis, IN), were housed up to 4 per cage with food and water 
available ad libitum. The standard cages were maintained at room temperature on a 
12 hours light/dark cycle. All behavioral tests were performed during the light cycle 
period.  
K/BxN arthritic animal. Adult male C57Bl/6 mice were employed. To create 
the K/BxN arthritic animal, K/BxN serum from donor mice (IP, 100 µL) was given on 
day 0 and day 2. Control animals received serum from non-arthritic littermates. K/BxN 
serum was obtained from a colony of KRN mice at UCSD. 
Clinical arthritis scores. Quantification of clinical signs of arthritis was 
evaluated using a semi-quantitative visual scoring using a scale of 0–4 per each paw 
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(Choe et al., 2003). One point was given if the swelling was observed for (1) the ankle; 
(2) the footpad; (3) the knuckles and/or (4) any or all the digits, yielding a maximum 
score of 4 per paw and 16 per mouse.  
Drugs. Purinergic agonist, BzATP (2′(3′)-O-(4-Benzoylbenzoyl) adenosine 5′-
triphosphate triethylammonium salt), was purchased from Millipore Sigma and was 
dissolved in saline (0.9% NaCl). Saline solution was also used as vehicle control. 
P2X4R antagonist, PSB 12062 from Sigma was dissolved in DMSO for a stock solution 
and in saline for the final injection solution. The P2X4R antagonist, 5-BDBD from 
Tocris, was dissolved in DMSO; NMDA receptors agonist, NMDA from Millipore Sigma 
was dissolved in saline (0.9% NaCl) as well as NMDA receptors antagonist, AP5, from 
Millipore Sigma. Toll-like receptors 4 agonist, LPS (Lipopolysaccharides from E. coli) 
from Millipore Sigma, and the antagonist LPS-Rs (Lipopolysaccharide from 
Rhodobacter sphaeroides) from Invivogen were dissolved in saline (0.9% NaCl). The 
chemotherapeutic cisplatin, from Spectrum Chemical MFG, was dissolved in saline 
(0.9% NaCl). Formalin from Fisher Scientific was diluted in saline (0.9% NaCl) for a 
final solution of 2.5%. ʎ Carrageenan from Wako Pure Chemical Industries was 
dissolved in saline (0.9% NaCl) for a final solution of 2%.  In drugs initially dissolved in 
DMSO, the final DMSO concentration was based on final dosing. In all cases, the 
respective vehicle control was based on that vehicle concentration in the final 
formulation.  
Drugs delivery. Drugs were administered intraperitoneally (IP), intraplantar 
(IPL), or intrathecally (IT).  
For IP injections, mice were gently restrained and a 30G needle was inserted 
through the abdominal skin and musculature on the right side of the animal. A brief 
aspiration before injecting the substance ensured that the needle had not punctured 
any blood vessel or organ.  
For IPL injection, an insulin syringe was used: the needle was inserted on the 
dorsal portion of the hind paw, with bevel up, until subcutaneous, at which time the 
drug was injected and the formation of a bead under the skin was noted. For injections 
in the plantar region, mice were anesthetized (isoflurane 2.5%) and a 30G needle was 
inserted toward the central portion of the hind paw until subcutaneous, and drug was 
injected.  
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For intrathecal (IT) injections, the animals anesthetized with 2.5% isoflurane in 
a flow-through chamber. A 1” 30-gauge needle attached to a 50 μL Hamilton syringe 
was inserted between the L5 and L6 vertebrae, evoking a tail twitch.  5µL of injectate 
was delivered briskly and the needle removed. Recovery from anesthesia, after 1-2 
min was evidenced by vigorous righting and spontaneous ambulation (Christianson et 
al., 2010).  
Behavioral tests: 
Mechanical allodynia. After treatments, tactile thresholds (allodynia) were 
measured with calibrated von Frey filaments (Semmes-Weinstein von Frey 
aesthesiometer, Stoelting Co., Wood Dale, IL, USA), ranging from 2.44 to 4.31 (0.03–
2.00 g). Briefly, mice were positioned in Plexiglas enclosures on top of a wire mesh 
and left to acclimate for 1 hour. Each filament was applied perpendicularly to the mid-
hind paw and testing performed according to the Dixon up-down method. A cut-off 
value of 2 was employed. The 50% probability of withdrawal threshold was calculated 
as previously described (Chaplan et al., 1994) and expressed in grams. Withdrawal 
thresholds for both hind paws were determined and averaged.  
Formalin flinching. A metal band was placed around the left hind paw of the 
mouse. After acclimation with the metal band on (45 min.), mice received one IPL 
injection of formalin (2.5%). The movement of the metal band (mouse flinching) was 
detected by an automated flinch detecting system (Yaksh et al., 2001).  Assessment 
of flinching was made over for a period of 45 minutes after formalin.  
 
Adeno-Associated Virus (AAV) vectors and CRISPR: 
Vector design and construction. Construction of the Adeno-Associated Virus 
(AAV) Cas9 vectors was made by the sequential assembly of corresponding gene 
blocks, using Integrated DNA Technologies, in a custom-synthesized rAAV2 vector 
backbone. The RNA guide sequences (gRNA) were inserted into dNCas9 plasmids by 
cloning oligonucleotides (IDT) encoding spacers into AgeI cloning sites via Gibson 
assembly. gRNA were designed utilizing the in silico tool: MIT CRISPR Design and 
Broad Institute CRISPRko (https://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design).  
Mammalian Cell Culture. EMEM supplemented with 10% fetal bovine serum 
(FBS) and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific) was used for Neuro2a 
cells growth. Cells were maintained in an incubator at 37°C and 5% CO2 atmosphere.  
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Lipid-Mediated Cell Transfections. Neuro2a cells were seeded in a 24-well plate 
at a cell density of 1 or 2E+5 cells per well 24 hours before transfection. 0.5 μg of each 
plasmid was added to 25 μL of Opti-MEM medium, followed by addition of 25 μL of 
Opti-MEM containing 2 μL of Lipofectamine 2000. The mixture was incubated at room 
temperature for 15 min. The solution was added to the cells in a 24-well plate and 
mixed by gently swirling the plate. Twenty-four hours later, the media was changed, 
and the plate was incubated at 37°C for 72 h in a 5% CO2 incubator. Cells were 
harvested, spun down, and frozen at -80°C. 
Production of AAVs. The virus was prepared by the Gene Transfer, Targeting 
and Therapeutics (GT3) core at the Salk Institute of Biological Studies (La Jolla, CA) 
or in-house utilizing the GT3 core protocol. AAV2/9 virus particles were produced using 
HEK293T cells via the triple transfection method and purified via an iodixanol gradient. 
Confluency at transfection was between 80% and 90%. Media was replaced with pre-
warmed media 2h before transfection. Each virus was produced in five 15 cm plates, 
where each plate was transfected with 10 μg of pXR-capsid (pXR-1, pXR-5, and pXR-
9), 10 μg of recombinant transfer vector, and 10 μg of pHelper vector using 
polyethyleneimine (PEI; 1 mg/mL linear PEI in DPBS [pH 4.5], using HCl) at a PEI: 
DNA mass ratio of 4:1. The mixture was incubated for 10 min at room temperature and 
then applied dropwise onto the media. The virus was harvested after 72 h and purified 
using an iodixanol density gradient ultracentrifugation method. The virus was then 
dialyzed with 1x PBS (pH 7.2) supplemented with 50 mM NaCl and 0.0001% of 
Pluronic F68 (Thermo Fisher Scientific) using 50-kDa filters (Millipore) to a final volume 
of ~100 μL and quantified by qPCR using primers specific to the ITR region, against a 
standard (ATCC VR-1616):  AAV-ITR-F: 5’ -CGGCCTCAGTGAGCGA-3’ and AAV-
ITR-R: 5’ -GGAACCCCTAGTGATGGAGTT-3’. 
Gene Expression Analysis and qRT-PCR. RNA from Neuro2a cells was 
extracted using RNeasy Kit (QIAGEN; 74104) and from DRG using RNeasy Micro Kit 
(QIAGEN; 74004). cDNA was synthesized from RNA using Protoscript II Reverse 
Transcriptase Kit (NEB; E6560L). Real-time PCR (qPCR) reactions were performed 
using the KAPA SYBR Fast qPCR Kit (Kapa Biosystems; KK4601), with gene-specific 
primers in technical triplicates and biological triplicates (Neuro2a cells). Relative mRNA 
expression was normalized to GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) 
levels and fold change was calculated using the comparative CT (ΔΔCT) method and 
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normalized to GAPDH. Mean fold change and SD were calculated using Microsoft 
Excel. 
Power calculation. Calculation of group size is based on a power analysis 
where the group mean and SD for the tactile thresholds in groups of allodynic mice is 
nominally 0.49 ± 0.45 grams (N = 6). Given the maximum threshold for a normal mouse 
is 1.5 to 2 grams, and assuming that a 30% reversal of the allodynia is behaviorally 
significant (e.g. elevation of the threshold 0.8 grams from the hyperpathic threshold, 
we can, assuming an alpha = p<0.05 and statistical power (1-ß) of 50% calculate a 
sample size of 6. Previous work with this model has confirmed the robustness of the 
data generated by such group sizes (DSS Research, 2018).  
Statistical analysis. Results were analyzed using GraphPad Prism 7 – version 
7.04. For multiple groups, the results were analyzed using one-way ANOVA or, for 
multiple groups with time-course experiments, two-way ANOVA with the Bonferroni 
post hoc test was used. Data are shown as mean ± standard error and differences with 
p < 0.05 were considered statistically significant. 
 3. Results 
3.1. BzATP- induced mechanical allodynia 
 To test if the P2X4R antagonists commercially available would be effective in 
blocking the effect of P2X receptor activation, we initially determined a just maximally 
effective dose of a purinergic agonist. As there are no P2X4R selective agonists 
commercially available, we chose BzATP, which is known to activate several P2X 
receptors, including P2X4R. Mice were injected intrathecally (IT)  with vehicle or one of 
two doses of BzATP:  30 nmol (0.02 µg/µL), and 300 nmol (0.2 µg/µL) and tested for 
mechanical allodynia. (Fig. 1). Based on previous work (Munoz et al., 2017), and these 
results, we decided that 0.02 µg/ µL of BzATP would be an active test dose. 
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Figure 1. Intrathecal BzATP-induced allodynia: A The IT administration of 0.02 µg/ µL, and 0.2 µg/ 
µL of BzATP induces persistent allodynia. Values are mean ± SEM. * p<0.05 when comparing 
BzATP 0.2 µg/µL group to NaCl group ** p<0.01 when comparing BzATP 0.02 µg/ µL group to 
both BzATP 0.2 µg/ µL and NaCl groups. Data were analyzed by two-way ANOVA for repeated 
measures and Bonferroni post hoc test. B Area under the curve of A; *p<0.05 when compared 
to NaCl group by one-way ANOVA. 
 
3.2. P2X4R antagonism reverses BzATP induced allodynia 
 
Two molecules, considered to be selective for the P2X4R, were examined after 
IT (PSB 12062) or IP (5-BDBD) delivery.  The PSB 12062 was delivered IT in one of 
three doses injected 5 minutes before IT BzATP (0.02 µg/µL). As indicated in Figure 2 
(A-C), IT PSB 12062 resulted in a dose-dependent reversal of the IT BzATP-induced 
allodynia over the range of PSB12062 doses of 7.5 to 75 µg/5µL. The minimum 
antagonist dose that produced a significant reversal was 37.5 µg/5µL and, at this dose, 
no effect on motor function and recovery from anesthesia was noted.  The vehicle for 
this agent at this dose (22% of DMSO + NaCl) was without effect upon allodynic 
threshold or behavior when delivered IT alone (data not shown). IT  5-BDBD resulted 
in significant agitation. Subsequent studies examined its systemic action after IP 
delivery.  After a single dose (see Long et al. 2018), 5.6 mg/Kg produced a transient 
reversal of the IT BzATP-induced allodynia during the first 2 hours after BzATP IT 
injection (Fig. 2D). 
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Figure 2. P2X4R antagonists reverse BzATP-induced allodynia: A-C IT administration of 7.5 and 15 
μg/μL but not 1.5μg/μL of the P2X4R antagonist, PSB 12062, five minutes before IT BzATP 
(0.02 μg/μL) prevented the development of tactile allodynia. *** p<0.0001 compared to Vehicle + 
BzATP or BzATP groups. * p<0.05 compared to BzATP group. D Systemic delivery of the P2X4R 
antagonist, 5-BDBD (5.6 mg/Kg), also prevented tactile allodynia up to 4 four hours after BzATP 
administration. *** p<0.0001. Data are mean ± SEM and were analyzed by two-way ANOVA for 
repeated measures and Bonferroni post hoc test. E Area under the curve of A-D; **p<0.001, 
****p<0.0001 when compared to BzATP 0.02 µg/µL group, by one-way ANOVA. Area under the 
curve of 5-BDBD-treated group, p value approaches to statistical significance but it is still >0.05. 
 
3.3. The effect of P2X4R antagonism on IT LPS-induced allodynia  
We had suggested in our project that TLR4 signaling could mediate the 
transition from the acute inflammatory pain state to the chronic post-inflammatory state 
in KBxN mice with the participation of P2X4R in the dorsal horn and DRG cells and 
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indeed some papers have been suggesting the possible interaction between TLR4 and 
P2X4R. We first characterized the intrathecal LPS-induced allodynia in mice. The dose 
(0.02 µg/µL) has been chosen based on previous work by our laboratory (Stokes et al., 
2013) and induced persistent allodynia up to the 12 days after LPS (Fig. 3). 
 
Figure 3. LPS-induced allodynia: A. The IT injection of TLR4 agonist, LPS (0.02 µg/µL) causes 
persistent allodynia in mice. Values are mean ± SEM *p<0.05, **p<0.01, ***p<0.0001 by two-way 
ANOVA for repeated measures and Bonferroni post hoc test. B Area under the curve of A. 
***p<0.0001 by Unpaired t test. 
 
Before starting a series of experiments to investigate this relation, we sought to 
define the ability to reverse the allodynia resulting from IT-LPS.  Here we examined 
the effect of two intrathecal doses of the TLR4 antagonist (LPS-Rs 2 and 4 µg/µL- 5 
µL IT) or vehicle (saline) versus the TLR4 agonist (LPS 0.02 µg/µL – 5 µL IT). The 
antagonist was injected 5 minutes before LPS (Fig. 4A-B), and both doses prevented 
the LPS-induced allodynia transiently. Of note, post-treatment did not affect the 
established allodynic state (Fig. 4A).  
 
Figure 4. LPS-Rs versus LPS administration: IT injections of both TLR4 antagonist doses, 2 and 4 
µg/µL, can transiently prevent the LPS-induced allodynia. Values are mean ± SEM.*p<0.05, 
**p<0.01 by two-way ANOVA for repeated measures and Bonferroni post hoc test. B Values 
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from 1 to 4 hours are not statistically significant when the area under the curve of A is measured; 
p >0.05 by Unpaired t test. 
 
To investigate a hypothesized linkage between P2X4R and TLR4 signaling, we 
examined i) the effect of IT pretreatment with TLR4 antagonist on IT BzATP-induced 
allodynia, ii) the effect of pretreatment with IT A1BP on IT BzATP-induced allodynia, 
and iii) the effect of pretreatment with IT P2X4R antagonist (PSB 12062) on IT LPS-
induced allodynia.  
Mice were injected with LPS-Rs (2 µg/µL - 5 µL IT) 5 minutes before IT BzATP 
(0.02 µg/µL - 5 µL) and tested for allodynia after BzATP. Seventy-two hours later, mice 
received a second dose of TLR4 antagonist. Neither pre- nor post-treatment altered 
the IT LPS induced allodynia (Fig. 5).  
AIBP is a molecule that, by binding to TLR4, reduces its dimerization and 
consequently, prevents TLR4 activation.  Such treatment has been shown to produce 
a long-term change in neuroinflammatory-mediated hyperalgesia (Woller et al., 2018). 
Previous work has demonstrated that the effects of IT LPS are reversed by IT-A1BP 
(Woller et al., 2018) thus, the effect of IT AIBP at a dose capable to reverse the effects 
of IT LPS was tested in IT BzATP model of allodynia.  Pretreatment with IT AIBP (0.1 
µg/µL – 5 µL) 2 hours before IT BzATP (0.02 µg/µL - 5 µL), transiently prevented the 
development of the allodynic state, an effect that could be observed up to more than 1 
hour after BzATP injection (Fig. 5B-C).  
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Figure 5. TLR4 antagonism does not affect purinergic signaling: Neither pre nor post-treatment 
with IT LPS-Rs (2 µg/µL) reverses allodynia induced by IT BzATP (0.02 µg/µL) p > 0.05. B 
However, the development of allodynia was delayed for up to almost 2 hours in mice treated 
with IT AIBP (0.1 µg/µL) 2 hours before IT BzATP injection Values are mean ± SEM. 
(****p<0.0001; * p<0.05) by two-way ANOVA for repeated measures and Bonferroni post hoc test. 
C Area under the curve of A and B; p=0.01 compared to NaCl + BzATP group by Unpaired t 
test. 
 
Both P2X4R antagonists, IT PSB12062 (7.5 µg/µL - 5 µL) and IP 5-BDBD (5.6 
mg/Kg - 80 µL) were tested on LPS-induced allodynia model. While IT PSB 12062 had 
any effect on allodynia (Fig. 6 A-B), systemic 5-BDBD reversed it up to 4 hours after 
LPS injection (Fig. 6 C-D). 
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Figure 6. P2X4R antagonism versus LPS: A IT administration of 7.5 μg / μL of P2X4R antagonist, PSB 
12062, prior IT LPS (0.02 μg / μL) did not affect the development of tactile allodynia. Values are 
mean ± SEM. p > 0.05 by two-way ANOVA for repeated measures and Bonferroni post hoc test. 
B Area under the curve of A. p > 0.05 by Unpaired t test. C When delivered systemically, the 
P2X4R antagonist, 5-BDBD (5.6 mg/Kg), prevented LPS-induced tactile allodynia up to 4 four 
hours after IT LPS. Values are mean ± SEM. * p<0.05; *** p<0.0001 by two-way ANOVA for 
repeated measures and Bonferroni post hoc test. D Area under the curve of C. *** p<0.001 by 
Unpaired t test. 
 
3.4 Carrageenan-induced model of inflammatory pain 
 
 The carrageenan-induced allodynia is a well-characterized model of homotopic 
inflammatory pain. After one intraplantar injection, carrageenan can stimulate the 
release of bradykinin, ATP, proinflammatory cytokines (TNFα and Il-1β) and the final 
mediators such as PGE2 and sympathomimetic amines, responsible for the direct 
sensitization of the nociceptors (Cunha et al., 2000; Oliveira-Fusaro et al., 2017), 
resulting in paw swelling and thermal and mechanical sensitivity. To investigate if 
P2X4R antagonist could reverse carrageenan-induced allodynia, mice were treated 
with IT PSB 12062 (7.5 µg/µL - 5 µL) or IP 5-BDBD (5.6 mg/Kg) one hour after 
intraplantar carrageenan 2% (20 µL) and tested for mechanical allodynia 30 minutes, 
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1, 4, and 24 hours after the antagonist administration. Neither PSB 12062 (Fig.7A) nor 
5-BDBD (Fig.7B) had any effect on mechanical allodynia induced by carrageenan. 
 
 
Figure 7. P2X4R signaling and carrageenan-induced inflammatory pain model: A Treatment with 
IT PSB 12062 (7.5 µg/µL) one hour after carrageenan 2% intraplantar did not reverse allodynia. 
B Intraperitoneal 5-BDBD (5.6 mg/Kg) had any effect on mechanical allodynia induced by 
carrageenan either. Values are mean ± SEM. p > 0.05 by two-way ANOVA for repeated 
measures and Bonferroni post hoc test.      
 
3.5 The effect of P2X4R antagonism on cisplatin-induced mechanical 
allodynia  
 
Cisplatin is a chemotherapeutic agent that induces a persistent polyneuropathy 
and after 2 systemic injections of cisplatin, mice develop robust tactile allodynia that 
persists for more than 60 days. This neuropathy-induced pain had been proved to be 
related to the TLR4 signaling pathway (Woller et al., 2018), thus, we decided to 
investigate if P2X4R antagonists could reduce cisplatin-induced allodynia. On day 7 
after the first injection of cisplatin (2.3 mg/Kg – 250 µL IP), mice were treated with IT 
PSB 12062 (5 µL 7.5 µg/µL) or IP 5-BDBD (5.6 mg/Kg) and tested for mechanical 
allodynia after antagonist delivery. As the first injection did not produce any reversal, 
the groups received second dosing of PSB (Fig. 8A) or 5-BDBD (Fig. 8B) 72 hours 
after the first one, but it also proved to be ineffective in reversing the cisplatin-induced 
tactile allodynia.  
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Figure 8. P2X4R antagonist administration in cisplatin-induced polyneuropathy model: A On day 
7 after the first cisplatin injection, mice were treated with one administration of IT PSB 12062 
(7.5 µg/µL). A second dose of the antagonist was injected 72 hours after the first one, but any 
reversal was observed. B The same protocol was followed to treat mice with IP 5-BDBD (5.6 
mg/Kg) and neither pre- nor post-treatment had any effect on cisplatin-induced neuropathic 
allodynia. Values are mean ± SEM. p > 0.05 by two-way ANOVA for repeated measures and 
Bonferroni post hoc test. 
 
 
3.6 P2X4R antagonism had no effect upon formalin-evoked flinching 
behavior or mechanical allodynia  
 
The selective P2X4R blockade after IT and IP antagonist injections (PSB 12062 
and 5-BDBD, respectively) was tested against the formalin model of persistent 
inflammatory pain.  
The formalin test is since it was described, a widely used model of persistent 
inflammatory pain. A single intraplantar injection of formalin evokes acute biphasic 
flinching on the injected paw, with phase 1 starting immediately after the injection and 
lasting for 9 min, and phase 2 starting around 10 minutes after formalin injection 
(Yamamoto and Yaksh, 1991; Tjølsen et al., 1992; Yaksh et al, 2001; Woller et al., 
2016). Interestingly, persistent mechanical allodynia is also present and lasts for 3 to 
4 weeks after the injection, this was described as phase 3 of the formalin model (Fu et 
al., 1999; Wu et al., 2004; Woller et al., 2016). 
Either IT PSB 12062 (7.5 µg/ µL – 5 µL) or IP 5-BDBD (5.6 mg/Kg - 80 µL) were 
injected 5 minutes before IPL formalin (Fig. 9A and 9C). While PSB 12062 affected 
neither on phase 1 (1-9 minutes) nor on phase 2 (10-40 minutes) flinching behavior 
(Fig. 9B), 5-BDBD abolished phase 2 (Fig. 9C-D) and, although it could be considered 
an exciting result at first sight, the same effect was observed in controls, which received 
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IP DMSO (80 µL). None of the antagonists had any effect on mechanical allodynia 
(phase 3 of formalin) assessed 7 days after intraplantar injection (data not shown). 
 
Figure 9. P2X4R antagonist administration on formalin flinching model: A Mice were treated with 
IT PSB 12062 (7.5 µg/µL) 5 minutes before the intraplantar injection of formalin. B No 
differences in total flinches were observed on Phase I (1-9 min.) or on phase II (10–40 min.); 
p > 0.05 by Unpaired t test. C IP 5-BDBD (5.6 mg/Kg) did not alter Phase I flinching, but totally 
abolished Phase II, but noteworthy that there is no difference between control and treated 
groups. p > 0.05 by two-way ANOVA for repeated measures and Bonferroni post hoc test. D 
Total flinches for Phase I (1-9 min.) and Phase II (10–40 min.) after IP 5-BDBD injection; p > 
0.05 by Unpaired t test. 
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3.7 Systemic administration of P2X4R antagonist, 5-BDBD, reverses the 
early but not the late phase of K/BxN mouse model of chronic inflammation 
 
The K/BxN serum transfer model of arthritis produces transient paw 
inflammation which is accompanied, in male mice, by robust mechanical allodynia 
(Christianson et al., 2010; Christianson et al., 2012). This pain persists after evidence 
of joint inflammation have resolved (Christianson et al., 2010). This post-inflammatory 
phase tactile allodynia co-varies with activated spinal astrocytes, microglia, and 
increased expression of transcription factors in the dorsal root ganglia (DRG) which 
are consistent with the development of a neuropathic phenotype (Christianson et al., 
2010). The inflammatory and post-inflammatory pain states display different analgesic 
pharmacology. In the initial inflammatory phase, arthritic mice respond to NSAID 
(ketorolac) and gabapentin with a transient reversal of allodynia. In the post-
inflammatory phase, only gabapentin is effective. Comparable drug effect profiles were 
noted in models of conditioned place preference reflecting the aversive component of 
the early and late phase pain state, supporting a transition to a neuropathic pain state 
(Park et al., 2016). 
Mice injected with K/BxN serum on days 0 and 2, developed robust persistent 
allodynia. On day 6, half of the animals received the antagonist 5-BDBD (5.6 mg/kg 
IP) and half received the vehicle, and a significant transient reversal of allodynia was 
observed up to four hours after 5-BDBD (Fig. 10). Clinical scoring of arthritis was also 
investigated but, was not sufficiently evident to be measured. No effect of the 
antagonist was observed when injected in the late phase (days 26-28).  
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Figure 10. Effect of P2X4R antagonist in K/BxN model of chronic inflammation: IP P2X4R 
antagonist, 5-BDBD (5.6 mg/Kg) was effective in reversing the tactile allodynia in the early 
inflammatory phase (days 6-8) of K/BxN mice for up to 4 hours after antagonist administration. 
Post-treatment with the same drug in the late chronic phase (days 26-28) did not affect the 
tactile allodynia. Data are mean ± SEM. **** p < 0.0001 and *** p = 0.0001 by two-way ANOVA for 
repeated measures and Bonferroni post hoc test.  
 
3.8 Adeno-Associated Virus (AAV) vectors and CRISPR: an effective tool 
to knockdown P2X4R 
 
  To further address the potential role of the spinal P2X4 receptor, we sought to 
knockdown P2X4 protein using AAV delivered CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats) to cut the P2X4R sequence and knockdown 
its expression. As the AAV dose do not cross the pial barrier after IT delivery 
(Miyanohara et al., 2016), the knockdown is limited to the dorsal root ganglion.   
The AAV was produced in a collaboration established with the UCSD group led 
by Dr. Prashant Mali. The first step was the creation of a small piece of RNA with a 
guide sequence (gRNA) that binds specifically to the P2X4R sequence of DNA in the 
genome. This same RNA is also bound to the Cas9, an enzyme that, after the specific 
sequence recognition, is responsible for the DNA target fragment cleavage. After 
testing some gRNAs, a vector with two gRNAs was constructed: P2X4R-3 that 
achieved 61% repression and gRNA P2X4R-5 that had 55% repression (Fig. 11). A 
non-targeting gRNA was used as a control for the constructs targeting P2X4R. 
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Figure 11. Test for CRISPR guide RNAs (gRNA). After testing five different guides, P2X4R-3 and 
P2X4R-5 showed the best repression values (*p<0.05; ****p<0.0001).  
 
Every mouse received two IT injections of 5 µL of gene therapy (AAV9, 1E+12 
viral genome/mouse), one on day 0 and another 7 days later. On day 21, the entire 
group was injected with IT BzATP (0.02 µg/µL – 5 µL) and tactile allodynia was 
assessed after BzATP. As shown (Fig. 12A-B), the knockdown of P2X4R significantly 
(but incompletely) reversed the IT BzATP induced allodynia. P2X4R knockdown in 
DRG samples was confirmed by qPCR (Fig. 12C). The protein M-cherry was used as 
a positive control for CRISPR constructs targeting P2X4R (Fig. 12D).  
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Figure 12.  P2X4R knockdown by AAV - CRISPR: A Reduced expression of P2X4R in DRG prevented 
the development of BzATP-induced allodynia up to 1 hour after IT BzATP (0.02 µg/ µL) delivery. 
The group treated with AAV maintained a higher tactile threshold than the controls in most of all 
time points checked. Values are mean ± SEM. *p<0.05; ***P<0.0001 compared to both control 
groups by two-way ANOVA for repeated measures and Bonferroni post hoc test. B Area under 
the curve of A; **p<0.01 by Unpaired t test. C qPCR: Level of P2X4R mRNA transcripts in DRG 
compared to controls Empty Krab; **p<0.01 by Unpaired t test. D qPCR: Level of protein mcherry 
mRNA transcripts in DRG; *p<0.05 by Unpaired t test. 
 
3.8.1 The knockdown of P2X4R in the DRG does not prevent formalin -
evoked flinching behavior or delayed mechanical allodynia 
  
On the fourth week after the first AAV injection, mice were injected in the right 
hind paw formalin (IPL) and flinches were automatically counted for 45 minutes. P2X4R 
knockdown did not affect phase 1 (1-9 minutes), phase 2 (10-40 minutes) formalin-
induced flinching (Fig. 13A-B) or mechanical allodynia of phase 3 (Fig. 14).  
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Figure 13. Phase I–II of formalin flinching: A Intraplantar formalin induced both flinching phases (I 
and II) in mice knocked down for P2X4R. There were no differences between the groups. p > 
0.05 by two-way ANOVA for repeated measures and Bonferroni post hoc test. B Total number 
of flinches in Phase I (1–9 min) and Phase II (10–40 min.). Any difference in the number of 
flinches was observed; p > 0.05 by Unpaired t test. 
 
 
Figure 14. Phase III of formalin: Tactile allodynia that mice developed seven days after intraplantar 
formalin injection was not prevented by CRISPR-P2X4R knockdown. Data are mean ± SEM; 
p > 0.05 by two-way ANOVA for repeated measures and Bonferroni post hoc test. 
 
3.9 P2X4R antagonist interferes on NMDA receptors signaling  
The NMDA (N-Methyl-d-aspartic acid) receptor is characterized as an important 
participant in spinal nociceptive processing. It is activated by glutamate, the most 
predominant excitatory neurotransmitter involved in synaptic transmission from 
primary sensory nerves to spinal dorsal horn neurons, resulting in neuron sensitization 
and hyperalgesia (Yaksh et al., 1995; Bennett, 2000; Wolińska et al., 2017). When 
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delivered intrathecally, NMDA evokes strong neuron firing followed by mechanical 
allodynia. 
To address this potential role of P2X4R in spinal NMDA initiated hyperpathia, 
we investigated if P2X4R blockade could reverse NMDA-induced allodynia. Mice were 
injected with either IT PSB 12062 (7.5 µg/µL – 5 µL) or IP 5-BDBD (5.6 mg/kg - 80 µL) 
5 minutes before IT NMDA (0.2 µg/µL - 5 µL) and tested for mechanical allodynia 30 
minutes, 1, 4, 24, 48, and 72 hours after NMDA. Intrathecal injection of PSB 12062 
produced a tiny transient allodynia reversal up to 1-2 hours after NMDA delivery (Fig. 
15A-B), but systemic 5-BDBD resulted in a longer-lasting and more prominent effect 
(Fig. 15C-D).   
 
 
Figure 15. NMDA–induced allodynia: A IT Pretreatment with P2X4R selective antagonist, PSB 12062 
(7.5 µg/µL) delays the development of NMDA-induced allodynia. Mean ± SEM. ** p < 0.01 by 
two-way ANOVA for repeated measures and Bonferroni post hoc test. B Area under the curve 
of A shows that p value approaches to statistical significance but it is still >0.05 by Unpaired t 
test. C A longer and more prominent effect over allodynia was obtained after IP 5-BDBD (5.6 
mg/kg) pretreatment. Mean ± SEM. *** p < 0.0001, * p = 0.01 by two-way ANOVA for repeated 
measures and Bonferroni post hoc test. D Area under the curve of C. ** p < 0.01 by Unpaired t 
test.  
 
3.9.1 Spinal purinergic receptor activation and NMDA receptor signaling 
 
    
  
 
92
To check a possible relation between spinal purinergic receptor activation and 
spinal NMDA receptor activation, we chose the competitive NMDA receptor antagonist, 
D (−)-2-Amino-5-phosphonopentanoic (AP5) and examined its effects upon IT BzATP-
induced allodynia. To define the AP5 dosing, mice received IT AP5 (0.05 and 0.2 µg/µL 
in 5 µL), 5 minutes before IT NMDA (0.2 µg/µL - 5µL) and were tested for mechanical 
allodynia after NMDA. Both doses transiently prevented the NMDA-induced allodynia, 
and as both doses were tolerated, the higher dose was selected (Fig. 16A). In 
subsequent studies, mice were pretreated with NMDA antagonist (AP5 0.2 µg/µL) or 
vehicle, five minutes before IT BzATP injection (0.02 µg/µL/5µL) and the tactile 
allodynia was evaluated. No reversal was observed at any time point (Fig. 16B).  
  
 
Figure 16. A Pretreatment with IT NMDA antagonist, AP5 (0.2 µg/µl) transiently prevented the 
development of NMDA-induced allodynia (*** p < 0.0001, * p = 0.01) B but did not affect BzATP-
induced allodynia,  p > 0.05 Mean ± SEM, by two-way ANOVA for repeated measures and 
Bonferroni post hoc test. 
 
3.9.2 ApoA-I binding protein (AIBP) transiently reverses NMDA-induced 
allodynia   
 
We also examined as a comparator, the effect of IT AIBP-mediated disruption 
of TLR4 signaling on NMDA receptors signaling. As figure 17 (A-B) shows, the 
development of mechanical allodynia is also transiently prevented by pretreatment with 
IT AIBP (0.1 µg/µL - 5 µL) 2 hours before NMDA stimulus.  
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Figure 17. AIBP and NMDA signaling: A The development of tactile allodynia induced by NMDA 
receptors activation was prevented by IT AIBP (0.1 µg/µL - 5 µL) pretreatment within almost 4 
hours after IT NMDA. Mean ± SEM. **** p < 0.0001, **p <0.01 by two-way ANOVA for repeated 
measures and Bonferroni post hoc test.  B Area under the curve of A. * p < 0.01 by Unpaired t 
test. 
 
 
A decrease in tactile allodynia was also obtained in a group pretreated with 
NMDA antagonist (AP5 0.2 µg/µL - 5 µL IT) and injected 5 minutes later with the TLR4 
agonist, LPS (0.02 µg/µL - 5 µL IT), but in this group, a tiny reduction in allodynia could 
be observed only 30 minutes after LPS injection (Fig. 18A).  A more marked effect in 
the allodynia was observed when the TLR4 action was blocked by its antagonist LPS-
Rs (2 µg/µL - 5 µL IT) administration 5 minutes before IT NMDA (0.2 µg/mL - 5 µL IT) 
and prevented the development of allodynia for some hours after NMDA (Fig. 18B).   
 
Figure 18.  A Slight decrease in tactile allodynia was observed after IT NMDA antagonist, AP5 (0.2 
µg/µL) pretreatment, followed by IT TLR4 agonist injection, LPS (0.02 µg/µL). Mean ± SEM 
(**p<0.01). B Intrathecal TLR4 antagonist, LPS-Rs (0.02 µg/µL), produced a more significant 
reduction on NMDA-induced allodynia Mean ± SEM (**** p<0.0001; *** p=0.0001) by two-way 
ANOVA for repeated measures and Bonferroni post hoc test. 
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3.10 The knockdown of DRG Nav 1.7 channels by CRISPR tool reduces IT 
BzATP–induced allodynia 
 
Nav 1.7 channels are highly expressed in nociceptors and have been proved to 
play an important role in inflammatory pain (Nassar et al., 2004; Amir et al., 2006).  In 
collaboration with the UCSD Mali group, we investigated specifically the effect of 
epigenetic repression of NaV1.7 via CRISPR-dCas9 in IT BzATP evoked allodynia.  In 
these studies, IT AAV –NaV1.7 CRISPR-dCas9, produced as described in section 2 
above, was delivered IT in mice. After 4 weeks, animals received IT-BzATP. This 
injection resulted in a significant reduction in the tactile allodynia otherwise produced 
by IT BzATP. These and other results are fully presented in appendix 2. 
 
3.11 Carrageenan-induced model of inflammatory pain: supplementary 
studies.  
 
We also tested the effect of NMDA antagonist, AP5, TLR4 antagonist, LPS-Rs, 
and A1BP treatment on the carrageenan model. For this, mice received IT AP5 (0.2 
µg/µL – 5 µL) or IT LPS-Rs (2 µg/µL – 5 µL) 1 hour after intraplantar carrageenan 2% 
(20 µL) and were tested for tactile allodynia 30 minutes, 1, 2, 4, and 24 hours after 
antagonist injections.  Intrathecal A1BP (0.1 µg/µL – 5 µL) was injected 2 hours before 
intraplantar carrageenan 2% (20 µL) and mice were tested for tactile allodynia 30 
minutes, 1, 2, 4 and 24 hours after carrageenan delivery.  
A significant transient reduction on the allodynic state was obtained after the 
administration of NMDA antagonist (Fig. 19A and D), but TLR4 antagonist did not affect  
carrageenan-induced inflammatory pain (Fig.19B and D). A1BP prevented the 
development of allodynia up to 1 hour after carrageenan injection and, although it did 
not result in a complete reversal, the mechanical threshold of A1BP-treated mice was 
higher than in controls up to 24 hours after carrageenan (Fig.19C-D).  
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Figure 19. NMDA and TLR4 receptors signaling on the carrageenan-induced model of 
inflammatory pain. A Mice post-treated with IT NMDA antagonist AP5 (0.2 µg/µL) had a 
transient reduction on tactile allodynia within 30 minutes after AP5 injection (*p=0.01). B But 
post-treatment with IT TLR4 antagonist, LPS-Rs (0.02 µg/µL) did not reduce the tactile 
allodynia (p > 0.05). C Pretreatment with IT A1PB (0.1 µg/µL) prevented the development of 
allodynia up to 1 hour after carrageenan injection. Mechanical threshold of A1BP-treated mice 
was significantly higher than in controls up to 4 hours after carrageenan (**** p<0.0001; * 
p<0.05). For A-C values are mean ± SEM, by two-way ANOVA for repeated measures and 
Bonferroni post hoc test.  D Area under the curve of A and B shows that p value approaches 
to statistical significance but it is still >0.05 when compared to the control; by Unpaired t test. 
E Area under the curve of C; **p < 0.01 by Unpaired t test.  
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4. Final considerations 
  
P2X4 (P2X4R) is one of seven ligand-gated ionotropic channels family widely 
expressed in central (CNS) and peripheral nervous system (PNS). It has been detected 
in neurons of various regions of the brain, particularly Purkinje cells of the cerebellum, 
but its most prominent activity has been described in glial cells of brain and spinal cord, 
the microglia (Tsuda et al., 2003; Gever et al., 2006, Inoue and Tsuda, 2018) where it 
is crucial for neuropathic pain. In PNS, my Ph.D. study has shown that it is widely 
distributed in neurons (A- and C-fibers) and satellite glial cells (SGC) of dorsal root 
ganglia (DRG). Besides neurons and glia, cells of the innate immune system also 
express P2X4R, mainly macrophages (Ulmann et al., 2008; Otoshi et al., 2010) and 
dendritic cells (Sakaki et al., 2013).  
After many studies with different approaches, it has been shown that purinergic 
receptors, specially P2X3, P2X4, and P2X7 participate, with varying degrees of 
importance, in almost all major pain pathways.  By the IT delivery of BzATP, a non-
selective P2X receptors agonist, we could focus on specifically activating spinal 
signaling through P2X receptors and could investigate their participation and 
interaction with other important receptors and channels pathways.  
Following one single intrathecal injection of BzATP, mice developed bilateral 
hind paw withdrawal threshold decrease, indicating that BzATP produces bilateral 
mechanical allodynia that can be transiently reversed by two different P2X4R 
antagonists, injected either IT or IP. This ATP analog was considered a good tool and 
was used as a purinergic agonist in all sets of experiments we have done.  
Although several studies have shown, over time, the great potential that P2X4R 
have as therapeutic targets for pain management, especially those of chronic nature 
(Abdelrahman et al., 2017), most of the studies faced a common problem: among 
purinergic receptors, P2X4R is less sensitive to the antagonists available so far (Stokes 
et al., 2017), and research progress has been somewhat hampered because of the 
lack of good antagonists with high selectivity for P2X4R. Finding an effective 
antagonist, with minimum side effects was also a challenge to be overcome.  
Recently, PSB-12062 has been identified as a non-competitive, potent and 
selective P2X4R antagonist (maximum inhibition of 68%). It has an allosteric 
mechanism of action, i.e., it binds to a different receptor site than ATP, and after 
testing, it has been shown to have high selectivity for P2X4R when compared to P2X1R, 
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P2X2R, P2X3R and P2X7R subtypes (Hernandez-Olmos et al., 2012). We also tested 
a second antagonist commercially available, the benzodiazepine derivative 5-BDBD 
(5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-one) (Matsumura 
et al., 2016). Both drugs are poorly soluble in aqueous solution and have DMSO as 
vehicle. PSB was first diluted in DMSO and the final concentration was achieved by a 
second dilution in saline thus, after tests, it could be injected intrathecally with any side 
effect. 5-BDBD had to be diluted only in DMSO that, when injected intrathecally, 
causes agitation in mice. As an alternative, 5-BDBD and its vehicle was administered 
intraperitoneally and was very well tolerated.  
A specific microglia response in the spinal cord, characterized by the increased 
expression of P2X4R, is critical for neuronal sensitization. After peripheral nerve 
damage, for example, P2X4R are upregulated in spinal microglia (Tsuda, 2016) and 
this activation, evokes an influx of extracellular calcium that culminates with the release 
of BDNF (brain-derived neurotrophic factor) (Tsuda et al., 2003; Tsuda et al., 2004; 
Coull et al., 2005; Trang et al., 2009; Beggs et al., 2012; Inoue and Tsuda, 2018). 
Microglial cells express both TLR4 and P2X4R and this crosstalk between these two 
molecules would be important for central sensitization (Guo et al.,  2006; Jin et al., 
2014; Meng et al. 2017).  
When delivered intrathecally, P2X4R antagonist did not affect allodynia induced 
by TLR4 agonist, LPS, but systemic administration of 5-BDBD reversed it up to 4 hours 
after TLR4 pathway activation. On the other hand, after blocking TLR4 signaling with 
the selective antagonist, any effect upon purinergic receptors activation-induced 
allodynia is observed. These results indicate that P2X4R activation might have some 
influence over TLR4 activity, but this effect is evident only when they are antagonized 
systemically. This fact is intriguing and would demand further investigation but it is 
possible that, when injected via IP, the P2X4R antagonist reaches other important cell 
types (immune cells, for example) and pathways that might promote peripheral pain 
relief (Zhang et al., 2016; Yu et al., 2020). 
Pretreatment with IT A1BP, which is known to disrupt spinal nociceptive 
processing through impairing the dimerization of TLR4 (Woller et al., 2018), could also 
transiently prevent the development of the allodynic state in BzATP-induced allodynia. 
It is important to consider that BzATP is not a selective P2X4R agonist and can also 
activate other purinergic receptors (P2X3R and P2X7R, for example) that are also 
involved in the inflammatory response. Thus, this analgesic effect of A1BP versus 
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BzATP allows us to infer that some relation between TLR4 and purinergic signaling, 
other than specifically P2X4R, might exist.  
In the carrageenan-induced model of inflammatory pain, mechanical sensitivity 
in mice was not affected by treatment with either IT PSB 12062 or IP 5-BDBD. A similar 
result was obtained in my main Ph.D. project when the effect of treatment with 
ganglionic P2X4R antagonist (Ferrari et al., 2007), PSB 12062, in rats was tested 
against carrageenan-induced pain. The selective blockade of the P2X4R receptors in 
DRG slightly attenuated the acute inflammatory allodynia but it was not capable of 
reversing it completely as we had previously observed when antagonizing, for 
example, P2X7R (Neves et al., 2020).  
A very important step in the carrageenan-activated pathway is the endogenous 
release of ATP that specifically activates two other purinergic receptors: P2X3, which 
is highly expressed in DRG neurons (Oliveira et al., 2009), and P2X7R, abundant in 
SGC, and necessary for maturation and release of the pro-inflammatory cytokine IL-
1β (Ferrari et al., 2006; Clark et al., 2010; Teixeira et al., 2010). Based on results we 
obtained so far, it is plausible to suggest that DRG P2X4R have only minor participation 
in the development of carrageenan-induced hyperalgesia and the main role might be 
played by other receptors and P2X4R-independent pathways.  
 This idea of P2X4R activation being secondary when it comes to inflammatory 
hyperalgesia has been previously raised by Tsuda et al. (2009) after a behavioral study 
carried out in a strain of P2X4R knockout mice. To investigate the participation of these 
receptors in the development of hyperalgesia, chronic inflammatory pain was induced 
by intraplantar injection of CFA (Complete Freund's Adjuvant) and, as the author 
pointed out, there was a reduction in pain response and CFA-induced swelling, but to 
a much smaller extent when compared to the total absence of hyperalgesia obtained 
when targets are neuropathic pain models. 
In formalin model of persistent inflammatory pain, IT P2X4R antagonism (PSB 
12062) was also ineffective in reversing phase 1 and 2 flinching behavior and, although 
IP 5-BDBD abolished phase 2, the same effect was observed when mice were injected 
with the vehicle DMSO indicating that, in this model, the vehicle might alter mice 
response, which invalidate the results. None of the antagonists could alleviate 
mechanical allodynia on phase 3 of formalin. The same ineffectiveness in reverting 
formalin-induced pain was observed after knocking out DRG P2X4R by IT AAV 
CRISPR delivery. These findings confirm our hypothesis that central P2X4R, as well 
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as peripheral one, are not as important to inflammatory hyperalgesia as it seems to be 
to neuropathic painful conditions.  
It has become increasingly apparent that there are a variety of conditions in 
which the pain state may transition to a chronic state wherein the enhanced pain 
behavior may persist after the healing of the wound or resolution of the inflammation, 
e.g. there is a transition from an acute to a chronic pain state. One particularly useful 
model  is the K/BxN serum transfer arthritis model. Here, serum from a mouse obtained 
by crossing K/B with NOD/Lt (N) animals (K/BxN) (with antibodies against glucose-6-
phosphate isomerase (GPI) injected into normal mouse results in an immune complex-
mediated inflammatory arthritis in the recipient (Matsumoto et al., 1999). Of interest, 
the inflammatory state lasts approximately 15-20 days and the clinical signs then 
resolve. This mouse shows significant tactile allodynia starting on day 2 and continues, 
unexpectedly, long after the inflammatory component has resolved.  A systematic 
examination of this model has shown several interesting properties. 1) dorsal horn 
microglial display increasing activation through the post-inflammatory phase; 2) ATF3, 
a common marker in DRG of nerve injury is also increased during the late phase; 3) 
Yaksh and colleagues have shown that nonsteroidal anti-inflammatory drugs (NSAIDs) 
and gabapentin, a drug commonly used to treat neuropathic pain, block the early phase 
(inflammatory) allodynia, while during the late phase, only gabapentin displays efficacy 
(Christianson et al., 2010).   
Taken together, these observations suggest that the pain-like behavior in the 
K/BxN mouse observed during the active inflammation (inflammatory phase) is 
phenotypically distinct from pain-like behaviors that occur after the inflammation is 
resolved (e.g. the post-inflammatory phase), indicating that there is a transition from 
acute inflammation to a post-inflammatory condition with a neuropathic phenotype 
(Woller et al., 2017). 
Part of our project would be dedicated to analyzing P2X4R activation in the 
K/BxN serum transfer model of arthritis. According to our hypothesis, neuraxial TLR4 
signaling would mediate the transition from the acute inflammatory pain state to the 
chronic post-inflammatory state with a neuropathic phenotype with the involvement of 
P2X4R. Intraperitoneal P2X4R antagonist (5-BDBD) has produced a significant 
reversal of allodynia on the early inflammatory phase for up to four hours after 
treatment. The precise mechanism by which P2X4R participates in this initial 
inflammatory pain state in K/BxN mice is not known, but we can find some direction on 
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synovial fibroblasts. Klein et al. (2012) found that these non-glial cells express and 
release of BDNF upon the activation of P2X4R in patients with osteoarthritis and 
rheumatoid arthritis, a mechanism very similar to the neuronal sensitization mediated 
by the CNS microglia. P2X4R antagonist systemic delivery could very well achieve 
these and other cell types causing the transient pain relief observed in K/BxN early 
inflammatory phase.  
Conversely, this treatment did not affect the transition to the chronic phase, and 
a second treatment during the late neuropathic phase had any effect either. Thus, 
although P2X4R is considered a key molecule to neuropathic pain, it seems to play a 
minor or any role at this time point of K/BxN arthritic pain. Due to problems with colony 
breeding, we could not go further with this specific investigation at that time.   
When it comes to neuropathy, my group in Brazil led by Dr. Parada demonstrate 
recently that, in a model of diabetic neuropathy induced by streptozotocin (STZ) in rats, 
the ganglionic administration of a novel selective antagonist for P2X4R, PSB 15417, 
inhibited mechanical allodynia (Teixeira et al., 2019). I also demonstrated, in my Ph.D. 
research, that P2X4R expression is upregulated in DRG of antineoplastic paclitaxel-
treated rats, and that P2X4R knockdown through the IT administration of antisense 
ODN reverses or inhibits the neuropathic allodynia induced by one or multiple doses 
of paclitaxel. In the same model, ganglionic (DRG-L5) injection of P2X4R selective 
antagonist, (PSB 12062 - 1mM), also reduces the allodynia ipsilateral to the injected 
side. In mice, we have chosen the chemotherapeutic cisplatin as a neuropathic model 
to examine the central role of P2X4R signaling on neuropathic pain. Surprisingly, 
neither intrathecal nor systemic post-treatment with P2X4R antagonist administration 
could revert cisplatin-induced pain. Pretreatment was not tested.  
Our primary hypothesis to this result lay on the fact that paclitaxel and cisplatin 
might act through different pathways with relevant participation of P2X4R only in that 
one activated by paclitaxel. In fact, molecular analyses suggest that, even in 
pathologies with similar symptoms, mechanisms underlying pain are heterogeneous 
(Manion et al., 2019).  
Some studies have investigated the role of the innate and adaptive immune 
system in the development and maintenance of hyperalgesia in various pain models 
(Christianson et al., 2011; Park et al., 2014; Meng et al., 2017; Woller et al., 2017) and 
using this approach, it has been shown that after paclitaxel administration, activation 
of the innate immune system leads to macrophage infiltration into the DRG in a time 
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course corresponding to the onset of mechanical hypersensitivity. Of interest, microglia 
and macrophages are the main cell types expressing P2X4R (Ulmann et al., 2008; 
Inoue and Tsuda, 2018). Also, paclitaxel causes changes in the bioenergetics of DRG 
neurons, with a reduction in ATP levels, which results in a persistent mitochondrial 
energy deficit that is causal to the development and maintenance of pain (Duggett et 
al., 2017).  
Cisplatin, in turn, is a platinum (Pt) analog that, in DRG, causes DNA damage 
due to Pt–DNA adduct formation (covalent binding of cisplatin to DNA) and apoptosis 
in sensory neurons. Thus, it induces a sensory neuronopathy determined by primary 
damage to DRG sensory neurons that leads to an anterograde axonal degeneration 
(Carozzi et al., 2015). Conversely, such axonal degeneration in sensory/motor neurons 
or dysfunction of microtubules impairing axonal transport was not observed after 
paclitaxel treatment (Polomano et al., 2001; Flatters and Bennett 2006). 
 As mentioned before, the selectivity of the antagonists on P2X4R signaling is 
poorly defined, thus, by using the promising genome editing tool AAV CRISPR, we 
could specifically knockdown DRG P2X4R channels signaling and assess the effects 
upon BzATP-induced allodynia. P2X4R Knockdown impairs but does not completely 
reverse the development and maintenance of persistent allodynia produced by BzATP. 
This partial reversal occurs because BzATP is not a selective agonist and can also 
bind and activate other purinergic receptors. The study involving AAV CRISPR 
technology and P2X4R are still in progress and aims to deepen the analysis of P2X4R-
TLR4 relation and other aspects of P2X4R signaling.  
It is well known that a painful stimulus initiates action potential in the peripheral 
terminals of DRG neurons that propagate to DRG central terminals in the dorsal horn 
of the spinal cord. These action potentials evoke the release of excitatory transmitters 
in postsynaptic dorsal horn neurons that are crucial for excitatory synaptic transmission 
(Gu and MacDermott, 1997; Zhuo, 2017). Glutamate is a major fast transmitter 
between primary afferent fibers and dorsal horn neurons in the spinal cord and several 
pieces of research have proved that glutamatergic synapses play a very important role 
in sensory transmission, including pain and itch transmission, besides contributing to 
nociceptive sensitization (Zhuo, 2017).  
Purinergic signaling has also been demonstrated to be involved in excitatory 
transmitter release. Gu and MacDermott (1997) have demonstrated that the activation 
of P2X receptors results in increased frequency of spontaneous glutamate release. 
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Araldi et al. (2013) studies have also shown that an inflammatory event in the 
peripheral tissue leads to the activation of NMDA receptors in DRG and consequent 
release of ATP molecules that, by activating P2X7R, stimulates the release of IL-1β. 
The release of this pro-inflammatory cytokine results in increased production and 
release of PGE2 in the DRG which contributes to sensitization of peripheral sensory 
neurons.  
Thus, we decided to examine if there is a specific interaction between the 
P2X4R-NMDA signaling pathway. While intrathecal P2X4R antagonist pretreatment 
(PSB 12062) produced a tiny transient allodynia reversal, systemic injection (5-BDBD) 
resulted in a longer-lasting and more prominent effect. However, when mice were 
pretreated with NMDA antagonist before IT BzATP, any reversal was observed. We 
then suggest that P2X4R actively play a role in NMDA signaling contributing to pain 
sensation.  
Hildebrand et al. (2016), brought some light to this relation between P2X4R and 
NMDAR signaling in the spinal cord. They have shown that NMDAR-mediated currents 
at lamina I synapses are potentiated in peripheral nerve injury-induced neuropathic 
pain. This NMDAR potentiation is mediated by BDNF through activation of TrkB 
receptors and phosphorylation of the GluN2B subunit by the Src Family kinase Fyn. 
Microglial P2X4R are directly implicated in the BDNF release mechanism responsible 
for the loss of efficacy of GABAergic inhibitory synapses and neuronal excitability in 
painful neuropathic conditions (Tsuda et al., 2003; Coull et al., 2005; Ulmann et al., 
2008; Tsuda, 2016). Thus, by interfering with specific targets of this central signaling 
cascade (P2X4R - BDNF- TrkB-KCC2 co-transporter – NMDAR) some pain relief is 
expected (Coull et al., 2005).  
Exploring the interaction between NMDA and TLR4 signaling pathways we also 
observed that IT NMDA blockage does not interfere with IT LPS–induced allodynia, 
that is, the innate immune response is not affected by NMDA antagonism in this model. 
On the other hand, IT TLR4 antagonism prevented the development of mechanical 
allodynia for some hours after IT NMDA. The same result was observed when mice 
were pretreated with IT A1BP, which acts by disrupting the TLR4 pathway signaling. 
This TLR4-NMDA interaction has been explored by Dr. Yaksh`s lab in collaboration 
with another great group led by Dr. Yuri Müller. This probable interaction has been 
then thoroughly investigated. 
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In some supplementary studies, we also tested the effect of NMDA and TLR4 
antagonists and A1BP, on the carrageenan-induced model of inflammatory pain. Post-
treatment with TLR4 antagonist did not interfere with mechanical allodynia established 
after carrageenan, but pretreatment with A1BP did, reinforcing that TLR4 pathway is 
crucial to the development and maintenance of inflammatory pain, and once this 
signaling pathway is triggered, TLR4 antagonism loses its efficacy in reducing pain.  
Post-treatment with NMDA receptors antagonist could also transiently reverse 
carrageenan-induced pain. In an inflammatory condition, it is expected that spinal 
glutamate plays a very important role in the sensitization of second order neurons. This 
glutamate influence on inflammatory-induced pain has been demonstrated in rats by 
Ferreira and Lorenzetti (1994) when IT NMDAR antagonists (AP5 and MK801) 
inhibited carrageenan-induced inflammatory hyperalgesia. According to this study, 
pain evoked by carrageenan inflammatory stimulus results in a continuous release of 
spinal glutamate, which contributes to retrograde sensitization of the primary sensory 
neurons via NMDA-type receptors. The exact molecular mechanism and pathways by 
which NMDAR and TLR4 induce and/or maintain the hyperalgesic response after 
carrageenan administration are still unclear. 
 After all, it is notorious that pain is a highly heterogeneous and complex 
condition and finding just one specific target that can be common to most painful states 
is not an easy task. Thus, the development of more modern and effective therapies will 
mostly depend on studies that look at it in all its mechanistic complexity. The P2X4R 
activity also reflects this heterogeneity since, according to the initial stimulus and even 
sex, their activity and degree of contribution to pain manifestations can vary. After all, 
these receptors seem to be mainly neuropathic molecules with a minor activity in the 
case of inflammatory mechanisms.  
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8.  Apêndice 2 
__________________________________________________________________________________ 
Artigo em revisão   
 
 medula espinal é o principal alvo das terapias atuais direcionadas ao 
tratamento da dor principalmente porque o corno dorsal é o centro 
responsável pela codificação da informação nociceptiva que ascenderá ao 
cérebro após estímulos de alta intensidade, lesão tecidual ou neuronal. Contudo, boa 
parte dos tratamentos utilizados, têm ação sistêmica e, dada à falta de especificidade 
da maioria das moléculas, causam efeitos colaterais importantes. 
Os neurônios aferentes primários, no entanto, são responsáveis diretos pela 
captação e transmissão da maioria dos sinais sensoriais do corpo para a medula. 
Dessa forma, estímulos capazes de ativar as fibras relacionadas à dor são detectados 
e promovem uma plasticidade pró-nociceptiva inicialmente nos gânglios das raízes 
dorsais periféricos (GRD).  
Morfologicamente, os GRD se encontram fora da barreira hematoencefálica, 
que protege o sistema nervoso central e impede a difusão de moléculas maiores para 
o espaço ao redor dos neurônios. Considerando que os GRD modulam a mensagem 
nociceptiva, esse posicionamento periférico o caracteriza como alvo interessante para 
tratamento da dor. De fato, as pesquisas mais atuais têm se dedicado à investigação 
de alvos específicos no GRD com potencial terapêutico. Terapias celulares e gênicas 
envolvendo o uso de RNAs, anticorpos específicos e vetores virais são agora a grande 
aposta da ciência moderna da dor.  
O sistema CRISPR-Cas, do inglês Clustered Regularly Interspaced Short 
Palindromic Repeats, foi um mecanismo descoberto em bactérias e Archaea que 
evoluiu como um sistema imune adaptativo. As sequências CRISPR podem ser 
traduzidas em pequenos fragmentos de RNA que se associam a proteínas 
específicas, as CRISPR Associated Proteins ou Cas, formando um complexo capaz 
de degradar o material genético de um vírus invasor. Quando a bactéria detecta a 
presença do DNA viral, ela produz um RNA curto que se pareia com o DNA do vírus. 
Esse RNA forma um complexo com a proteína Cas9, um tipo de enzima nuclease que 
consegue cortar DNA. No núcleo, o complexo se liga a uma pequena sequência 
chamada PAM (Protospacer Adjacent Motif), a nuclease abre o DNA e o RNA guia se 
A
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pareia ao DNA e, se esse pareamento é completo, o DNA é cortado, inativando o 
vírus. Com base nisso, os cientistas se deram conta de que isso poderia ser feito 
diretamente no núcleo de uma célula eucarionte viva apenas inserindo uma sequência 
de RNA guia que reconhecesse qualquer gene-alvo desejado. A maquinaria celular 
tenta reparar o corte, mas esse processo é propenso a erros levando a mutações (por 
vezes aleatórias) que podem inativar o gene permanentemente, tornando possível o 
estudo da sua função in vivo. Atualmente, também já é possível trocar o gene 
utilizando essa tecnologia e inserir uma cópia saudável que se liga à região cortada. 
Com base no princípio de funcionamento desse mecanismo, o sistema CRISPR 
foi desenvolvido como uma ferramenta de engenharia genética, tornando possível a 
edição do genoma celular in vitro e in vivo. Essa nova promessa da ciência já é uma 
realidade terapêutica com avanços clínicos importantes em diversas áreas e surge 
agora como alternativa também para o tratamento da dor, uma abordagem que pode 
ser mais eficiente e trazer alívio prolongado e sem os indesejáveis efeitos colaterais 
ou adição.  
Apresentamos a seguir, o resultado de um trabalho que utiliza o sistema 
CRISPR-dCas9 em 3 diferentes modelos animais de hiperalgesia: o de hiperalgesia 
inflamatória induzida por carragenina, hiperalgesia neuropática crônica induzida pelo 
quimioterápico paclitaxel e de hiperalgesia persistente induzida por BzATP, um 
análogo à molécula de ATP capaz de ativar a via de sinalização purinérgica.  
O CRISPR foi administrado por via intratecal e carreado até o núcleo celular 
por um adenovírus associado (AAV). Interessantemente, os AAV não conseguem 
ultrapassar a barreira hematoencefálica o que faz com que a edição genética fique 
concentrada nos GRD preservando, portanto, o sistema nervoso central.  
Neste trabalho, os alvos foram os canais de sódio voltagem-dependentes (Nav 
1.7 - SCN9A) cuja perda de função, em humanos, causa insensibilidade congênita à 
dor, enquanto mutações que aumentam sua atividade levam à resposta hiperalgésica. 
Com base nessas observações, os canais Nav 1.7 representam um alvo interessante 
para o desenvolvimento de terapias para dor, principalmente a crônica.  
Considerando as características de funcionamento dos Nav 1.7, utilizamos 
especificamente o CRISPR dead Cas 9, em que o complexo Cas é cataliticamente 
inativado e não cliva o DNA, mas mantém sua capacidade de se ligar ao genoma por 
meio de um RNA-guia que o funde a um domínio repressor (Krüppel-associated Box-
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KRAB). Isso permite que a repressão do gene não seja permanente, prevenindo os 
efeitos deletérios que uma alteração genética definitiva poderia causar. 
Essa ferramenta representa uma ótima alternativa de tratamento e traz um 
avanço significativo em relação a outras tecnologias, como os RNAs de interferência 
(RNAi) ou o ODN antisense, cujos efeitos off-target são maiores em comparação com 
o CRISPR. Como um sistema exógeno, CRISPR (ao contrário do RNAi) não compete 
com a maquinaria endógena de síntese e degradação do RNA. Além disso, os 
métodos CRISPR têm como alvo o DNA genômico em vez do RNA, o que significa 
que, para obter um efeito, os métodos de RNAi, por exemplo, requerem uma dosagem 
mais alta com piores perspectivas farmacocinéticas. Os resultados que obtivemos são 
apresentados e discutidos no trabalho a seguir e representam um avanço importante 
das pesquisas relacionadas à bioengenharia aplicada ao tratamento da dor. Em um 
futuro próximo, essa será uma alternativa moderna e efetiva aos tratamentos 
farmacológicos convencionais.   
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One sentence summary: In situ epigenome engineering approach for genomically 
scarless, durable, and non-addictive management of pain. 
 
ABSTRACT 
Current treatments for chronic pain rely largely on opioids despite their unwanted side 
effects and risk of addiction. Genetic studies have identified in humans key targets 
pivotal to nociceptive processing, with the voltage-gated sodium channel, NaV1.7 
(SCN9A), being perhaps the most promising candidate for analgesic drug development. 
Specifically, a hereditary loss-of-function mutation in NaV1.7 leads to insensitivity to pain 
without other neurodevelopmental alterations. However, the high sequence similarity 
between NaV subtypes has frustrated efforts to develop selective inhibitors. Here, we 
investigated targeted epigenetic repression of NaV1.7 via genome engineering 
approaches based on clustered regularly interspaced short palindromic repeats 
(CRISPR)-dCas9 and zinc finger proteins as a potential treatment for chronic pain. 
Towards this end, we first optimized the efficiency of NaV1.7 repression in vitro in 
Neuro2A cells, and then by the lumbar intrathecal route delivered both genome-
engineering platforms via adeno-associated viruses (AAVs) to assess their effects in 
three mouse models of pain: carrageenan-induced inflammatory pain, paclitaxel-induced 
neuropathic pain and BzATP-induced pain. Our results demonstrate: one, effective 
repression of NaV1.7 in lumbar dorsal root ganglia; two, reduced thermal hyperalgesia in 
the inflammatory state; three, decreased tactile allodynia in the neuropathic state; and 
four, no changes in normal motor function. We anticipate this genomically scarless and 
non-addictive pain amelioration approach enabling Long-lasting Analgesia via 
Targeted in vivo Epigenetic Repression of Nav1.7, a methodology we dub pain LATER, 
will have significant therapeutic potential, such as for preemptive administration in 
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anticipation of a pain stimulus (pre-operatively), or during an established chronic pain 
state. 
 
INTRODUCTION 
Chronic pain affects between 19% to 50% of the world population1–4 , with more 
than 100 million people affected in the U.S. alone5. Moreover, the number of people 
reporting chronic pain is expected to increase by 2035 due to the aging global population 
and prevalence of chronic diseases6,7. While chronic pain is more prevalent than cancer, 
diabetes and cardiovascular disease combined8, drug development has not undergone 
the remarkable progress seen in these other therapeutic areas. Furthermore, current 
standard of care for chronic pain often relies on opioids, which can have adverse side 
effects and significant addiction risk. Despite decades of research, the goal of achieving 
broadly effective, long-lasting, non-addictive therapeutics for chronic pain has remained 
elusive. 
Pain arising from somatic or nerve injury/pathologies typically arises by activation 
of populations of primary afferent neurons which are characterized by activation 
thresholds associated with tissue injury and by sensitivity to products released by local 
tissue injury and inflammation. These afferents terminate in the spinal dorsal horn, 
where this input is encoded and transmitted by long ascending tracts to the brain, where 
it is processed into the pain experience. The cell body of a primary afferent lies in its 
dorsal root ganglion (DRG). These neuronal cell bodies, synthesize the voltage gated 
sodium channels that serve to initiate and propagate the action potential9–11. While local 
anesthetics can yield a dense anesthesia, previous work has in fact shown that 
nonspecific sodium channel blockers such as lidocaine delivered systemically at 
subanesthetic concentrations were able to have selective effects upon hyperpathia in 
animal models and humans12–15. 
It is now known that there are nine voltage-gated sodium channel subtypes along 
with numerous splice variants. Of note, three of these isotypes: NaV1.716,17, NaV1.818–20, 
and NaV1.921,22 have been found to be principally expressed in primary afferent 
nociceptors. The relevance of these isotypes to human pain has been suggested by the 
observation that a loss-of-function mutation in NaV1.7 (SCN9A) leads to congenital 
insensitivity to pain (CIP), a rare genetic disorder. Conversely, gain of function mutations 
yield anomalous hyperpathic states23–29. Based on these observations, the NaV1.7 
channel has been considered  an attractive target for addressing pathologic pain states 
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and for developing chronic pain therapies17,29–31. Efforts to develop selective small 
molecule inhibitors have, however, been hampered due to the sequence similarity 
between NaV subtypes. Many small-molecule drugs targeting NaV1.7 have accordingly 
failed due to side effects caused by lack of targeting specificity or their bioavailability by 
the systemic route32. Additionally, antibodies have faced a similar situation, since there is 
a tradeoff between selectivity and potency due to the binding of a specific (open or 
close) conformation of the channel, with binding not always translating into successful 
channel inhibition33–36. Further, it is not clear that such antibodies can gain access to the 
appropriate NaV1.7 channels and yield a reliable block of their function. Consequently, in 
spite of preclinical studies demonstrating that decreased NaV1.7 activity leads to a 
reduction in inflammatory and neuropathic pain16–22,37, no molecule targeting this gene 
product has reached the final phase of clinical trials32. We therefore took an alternative 
approach by epigenetically modulating the expression of NaV1.7 using two genome 
engineering tools, clustered regularly interspaced short palindromic repeats (CRISPR)–
Cas9 (CRISPR-Cas9) and zinc-finger proteins (ZFP), such that one could engineer 
highly specific, long-lasting and reversible treatments for pain. 
Through its ability to precisely target disease-causing DNA mutations, the 
CRISPR-Cas9 system has emerged as a potent tool for genome manipulation, and has 
shown therapeutic efficacy in multiple animal models of human diseases38–44. However, 
permanent genome editing, leading to permanent alteration of pain perception, may not 
be desirable. For example, pain can be a discomforting sensory and emotional 
experience, but it plays a critical role alerting of tissue damage. Permanent ablation 
could thus have detrimental consequences. For these reasons, we have employed a 
catalytically inactivated “dead” Cas9 (dCas9, also known as CRISPRi), which does not 
cleave DNA but maintains its ability to bind to the genome via a guide-RNA (gRNA), and 
fused it to a repressor domain (Krüppel-associated box, KRAB) to enable non-
permanent gene repression of NaV1.7. Previously, we and others have shown that 
through addition of a KRAB epigenetic repressor motif to dCas9, gene repression can be 
enhanced with a high level of specificity both in vitro45–49 and in vivo50,51. This 
transcriptional modulation system takes advantage of the high specificity of CRISPR-
Cas9 while simultaneously increasing the safety profile, as no permanent modification of 
the genome is performed. As a second approach for in situ epigenome repression of 
NaV1.7, we also utilized zinc-finger-KRAB proteins (ZFP-KRAB), consisting of a DNA-
binding domain made up of Cys2His2 zinc fingers fused to a KRAB repressor. ZFP 
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constitute the largest individual family of transcriptional modulators encoded by the 
genomes of higher organisms52, and with prevalent synthetic versions engineered on 
human protein chasses present a potentially low immunogenicity in vivo targeting 
approach53–55. We sought to produce a specific anatomic targeting of the gene regulation 
by delivering both epigenetic tools in an adeno-associated virus (AAV) construct into the 
spinal intrathecal space. Of note, many AAVs have been shown to produce a robust 
transduction of the dorsal root ganglion56–58. This approach has several advantages as it 
permits the use of minimal viral loads and reduces the possibility of systemic 
immunogenicity.   
Since pain perception is etiologically diverse and multifactorial, several rodent 
pain models have been utilized to study pain signaling and pain behaviors59. In the 
present work we sought to characterize the effects of CRISPR-mediated knock down of 
NaV1.7 using three mechanistically distinct models: i) thermal sensitivity in control 
(normal) and unilateral inflammation-sensitized hind paw; ii) a poly neuropathy induced 
by a chemotherapeutic yielding a bilateral hind paw tactile allodynia and, iii) a spinally 
evoked bilateral hind paw tactile allodynia induced by spinal activation of purine 
receptors.  Pain due to tissue injury and inflammation results from a release of factors 
that sensitize the peripheral terminal of the nociceptive afferent neuron. This phenotype 
can be studied through local application of carrageenan to the paw resulting in 
inflammation, swelling, increased expression of NaV1.760 and a robust increase in 
thermal and mechanical sensitivity (hyperalgesia)61,62. Chemotherapy to treat cancer 
often leads to a polyneuropathy characterized by increased sensitivity to light touch (e.g. 
tactile allodynia) and cold. Paclitaxel is a commonly used chemotherapeutic that 
increases the expression of NaV 1.7 in the nociceptive afferents63,64 and induces a robust 
allodynia in the animal models65–67. Finally, ATP (adenosine triphosphate) by an action 
on a variety of purine receptors expressed on afferent terminals and second order 
neurons and non neuronal cells has been broadly implicated in inflammatory, visceral 
and neuropathic pain states57–60. Thus, intrathecal delivery of a stable ATP analogue 
(BzATP: 2’,3’-O-(4-benzoylbenzoyl)-ATP) results in a long-lasting allodynia in mice71,72.   
Thus, we first tested various KRAB-dCas9 and ZFP-KRAB constructs in a mouse 
neuroblastoma cell line that expresses NaV1.7 (Neuro2a) and optimized repression 
levels. We next packaged the constructs with the strongest in vitro repression into AAV9 
and injected these intrathecally into adult C57BL/6J mice. After 21 days, we induced 
paw inflammation via injection of carrageenan, and tested for thermal hyperalgesia. Our 
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results demonstrated in vivo repression of NaV1.7 and a decrease in thermal 
hyperalgesia. Similarly, we tested our epigenome strategy in two neuropathic pain 
models: chemotherapy-induced (paclitaxel) and BzATP-induced neuropathic pain. The 
results in the paclitaxel-induced neuropathic pain model indicate that repression of 
NaV1.7 leads to reduced tactile and cold allodynia. In addition, KRAB-dCas9 injected 
mice showed reduced tactile allodynia after administration of the ATP analogue BzATP. 
As many pain states occurring after chronic inflammation and nerve injury represent an 
enduring condition, typically requiring constant re-medication, these genetic approaches 
provide ongoing and controllable regulation of this aberrant processing. Overall, these in 
situ epigenetic approaches could represent a viable replacement for opioids and serve 
as a potential therapeutic approach for long lasting chronic pain.  
 
RESULTS 
In vitro optimization of epigenetic engineering tools to enable NaV1.7 repression. 
With the goal of developing a therapeutic product that relieves chronic pain in a 
non-permanent, non-addictive and long-lasting manner, we explored the use of two 
independent genetic approaches to inhibit the transmission of pain at the spinal level 
(Figure 1a). To establish robust NaV1.7 repression, we first compared in vitro repression 
efficacy of NaV1.7 using KRAB-dCas9 and ZFP-KRAB constructs. Towards this, we 
cloned ten guide-RNAs (gRNAs; Supplementary Table 1) —designed by an in silico 
tool73 that predicts highly effective gRNAs based on chromatin position and sequence 
features— into our previously developed split-dCas9 platform50. We also cloned the two 
gRNAs that were predicted to have the highest efficiency (SCN9A-1 and SCN9A-2) into 
a single construct, since we have previously shown that higher efficacy can be achieved 
by using multiple gRNAs50. We next utilized four ZFP-KRAB constructs targeting the 
NaV1.7 DNA sequence (Supplementary Table 2). These constructs were transfected 
into a mouse neuroblastoma cell line that expresses NaV1.7 (Neuro2a) and we 
confirmed repression of NaV1.7 relative to GAPDH with qPCR. Six of ten gRNAs 
repressed the NaV1.7 transcript by >50% compared to the non-targeting gRNA control, 
with gRNA-2 being the single gRNA having the highest repression (56%) and with the 
dual-gRNA having repression levels of 71% (p < 0.0001), which we utilized for 
subsequent in vivo studies (Supplementary Figure 1a). Of the ZFP-KRAB designs, the 
Zinc-Finger-4-KRAB construct had the highest repression (88%; p < 0.0001) compared 
to the negative control (mCherry), which we chose for subsequent in vivo studies 
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(Supplementary Figure 1a). Western blotting confirmed a corresponding decrease in 
protein level for both the Zinc-Finger-4-KRAB and KRAB-dCas9-dual-gRNA groups 
(Supplementary Figure 1b). 
 
In vivo evaluation of ZFP-KRAB and KRAB-dCas9 treatment efficacy in a carrageenan model of 
inflammatory pain 
Having established in vitro NaV1.7 repression, we next focused on testing the 
effectiveness of the best ZFP-KRAB and KRAB-dCas9 constructs from the in vitro 
screens (Zinc-Finger-4-KRAB and KRAB-dCas9-dual-gRNA) in a carrageenan-induced 
model of inflammatory pain. Mice were intrathecally (i.t.) injected with 1E+12 vg/mouse 
of AAV9-mCherry (negative control; n=10), AAV9- Zinc-Finger-4-KRAB (n=10), AAV9-
KRAB-dCas9-no-gRNA (negative control; n=10) and AAV9-KRAB-dCas9-dual-gRNA 
(n=10). The intrathecal delivery of AAV9, which has significant neuronal tropism58, 
serves to efficiently target DRG (Supplementary Figure 2a). After 21 days, thermal pain 
sensitivity was measured to establish a baseline response threshold. Inflammation was 
induced in all four groups of mice by injecting one hind paw with carrageenan 
(ipsilateral), while the other hind paw (contralateral) was injected with saline to serve as 
an in-mouse control. Mice were then tested for thermal pain sensitivity at 30 minutes, 1, 
2, 4, and 24 hours after carrageenan injection (Figure 1b). Twenty-four hours after 
carrageenan administration, mice were euthanized and DRG (L4-L6) were extracted. 
The expression levels of NaV1.7 was determined by qPCR, and a significant repression 
of NaV1.7 was observed in mice injected with AAV9-Zinc-Finger-4-KRAB (67%; 
p=0.0008) compared to mice injected with AAV9-mCherry, and in mice injected with 
AAV9-KRAB-dCas9-dual-gRNA (50%; p=0.0033) compared to mice injected with AAV9-
KRAB-dCas9-no-gRNA (Figure 1c). The mean paw withdrawal latencies (PWL) were 
calculated for both carrageenan and saline injected paws (Supplementary Figure 2b, 
c) and the area under the curve (AUC) for the total mean PWL was calculated. As 
expected, compared to saline-injected paws, carrageenan-injected paws developed 
thermal hyperalgesia, measured by a decrease in PWL after application of a thermal 
stimulus (Figure 1d). We also observed a significant increase in PWL in mice injected 
with either AAV9-Zinc-Finger-4-KRAB or AAV9-KRAB-dCas9-dual-gRNA, indicating that 
the repression of NaV1.7 in mouse DRG leads to lower thermal hyperalgesia in an 
inflammatory pain state. The thermal latency of the control (un-inflamed paw) was not 
significantly different across AAV treatment groups, indicating that the knock down of the 
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NaV1.7 had minimal effect upon normal thermal sensitivity. As an index of 
edema/inflammation, we measured the ipsilateral and contralateral paws with a caliper 
before and 4 hours after carrageenan injection, which is the time point with the highest 
thermal hyperalgesia. We observed significant edema formation in both experimental 
and control groups, indicating that NaV1.7 repression has no effect on inflammation 
(Supplementary Figure 2d). 
 
Benchmarking in vivo ZFP-KRAB treatment efficacy with established small molecule drug 
gabapentin in a carrageenan model of inflammatory pain 
To validate the efficacy of ZFP-KRAB in ameliorating thermal hyperalgesia in a 
carrageenan model of inflammatory pain, we next conducted a separate experiment and 
tested the small molecule drug gabapentin as a positive control. Mice were i.t. injected 
with 1E+12 vg/mouse of AAV9-mCherry (n=5), AAV9-Zinc-Finger-4-KRAB (n=6), or 
saline (n=5). After 21 days, thermal nociception was measured in all mice as previously 
described. One hour before carrageenan administration, the mice that received 
intrathecal saline were injected as a positive comparator with intraperitoneal (i.p.) 
gabapentin (100 mg/kg). This agent is known to reduce carrageenan-induced thermal 
hyperalgesia in rodents through binding to spinal alpha2 delta subunit of the voltage 
gated calcium channel74,75. Twenty-four hours after carrageenan administration, mice 
were euthanized and DRG (L4-L6) were extracted. The expression levels of NaV1.7 
were determined by qPCR, and a significant repression of NaV1.7 was observed in 
AAV9-Zinc-Finger-4-KRAB (***p=0.0007) and in the gabapentin groups (*p=0.0121) 
(Supplementary Figure 3a). We measured the ipsilateral and contralateral paws with a 
caliper before and 4 hours after carrageenan injection, and confirmed significant edema 
formation in the injected paw of all groups as compared to the non-injected paw in all 
groups (Supplementary Figure 3b). The mean PWL was calculated for both 
carrageenan and saline injected paws (Figure 2b, c). We then compared paw 
withdrawal latencies of carrageenan injected paws for AAV9-Zinc-Finger-4-KRAB and 
gabapentin groups at each time point to the AAV9-mCherry carrageenan injected control 
using a two-way ANOVA calculation to determine whether there was any significant 
reduction in thermal hyperalgesia (Supplementary Figure 3c). When comparing 
carrageenan-injected hind paws, we observed that only AAV9-Zinc-Finger-4-KRAB had 
significantly higher PWL at all the time points following carrageenan injection when 
compared to the AAV9-mCherry control. We also observed significance in PWL for the 
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gabapentin positive control group at the 30 minute, 1 hour, and four hour time points, but 
not the 24 hour time point. This result reflects the half-life of gabapentin (3-5 hours). We 
then calculated the area under the curve (AUC) for thermal hyperalgesia. We observed a 
significant increase in PWL in the carrageenan-injected gabapentin group (p=0.0208) 
(Figure 2b), and in the Zinc-Finger-4-KRAB group (115% improvement, p=0.0021) 
(Figure 2c) compared to the carrageenan-injected AAV9-mCherry control. In addition, 
the AAV9-Zinc-Finger-4-KRAB group had 31% higher PWL than the gabapentin positive 
control group. Of note, the thermal escape latency of the contralateral non-inflamed paw 
showed no significant difference among groups. 
 
In vivo repression of NaV1.7 leads to amelioration of pain in a poly neuropathic pain model  
 After having established in vivo efficacy in an inflammatory pain model, we went 
on to validate our epigenome repression strategy for neuropathic pain using the 
polyneuropathy model by the chemotherapeutic paclitaxel. To establish this model, mice 
were first injected with 1E+12 vg/mouse of AAV9-mCherry (n=8), AAV9-Zinc-Finger-4-
KRAB (n=8), AAV9-KRAB-dCas9-dual-gRNA (n=8), AAV9-KRAB-dCas9-no-gRNA 
(n=8), or saline (n=16). 14 days later and before paclitaxel administration, we 
established a baseline for tactile threshold (von Frey filaments). Mice were then 
administered paclitaxel at days 14, 16, 18, and 20, with a dosage of 8 mg/kg (total 
cumulative dosage of 32 mg/kg), with a group of saline injected mice not receiving any 
paclitaxel (n=8) to establish the tactile allodynia caused by the chemotherapeutic.  21 
days after the initial injections and one hour before testing, a group of saline injected 
mice (n=8) were injected with i.p. gabapentin (100 mg/kg). Mice were then tested for 
tactile allodynia via von Frey filaments and for cold allodynia via acetone testing (Figure 
3a). A 50% tactile threshold was calculated. We observed a decrease in tactile threshold 
in mice receiving AAV9-mCherry and AAV9-KRAB-dCas9-no-gRNA, while mice that 
received gabapentin, AAV9-Zinc-Finger-4-KRAB, and AAV9-KRAB-dCas9-dual-gRNA 
had increased withdrawal thresholds, indicating that in situ NaV1.7 repression leads to 
amelioration in chemotherapy induced tactile allodynia (Figure 3b). Similarly, an 
increase in the number of withdrawal responses is seen in mice tested for cold allodynia 
in the negative control groups (AAV9-mCherry and AAV9-KRAB-dCas9-no-gRNA), while 
both AAV9-Zinc-Finger-4-KRAB and AAV9-KRAB-dCas9-dual-gRNA groups had a 
decrease in withdrawal responses, indicating that in situ repression of NaV1.7 also leads 
to a decrease in chemotherapy induced cold allodynia (Figure 3c).  
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In vivo repression of NaV1.7 leads to amelioration of pain in a model of spinal evoked pain.   
We next tested whether in situ repression of NaV1.7 via KRAB-dCas9 could 
ameliorate neuropathic pain induced by BzATP. This molecule activates P2X receptors 
located on central terminals leading to a centrally mediated hyperalgesic state. We first 
injected mice with 1E+12 vg/mouse of AAV9-mCherry (n=6), AAV9-KRAB-dCas9-no-
gRNA (n=5), and AAV9-KRAB-dCas9-dual-gRNA (n=6). After 21 days, tactile thresholds 
were determined with von Frey filaments, and mice were injected i.t. with BzATP (30 
nmol). Tactile allodynia was then measured at 30 min, 1, 2, 3, 6, and 24 hours after 
BzATP administration (Figure 3d). We observed a significant decrease in tactile 
allodynia at 30 min, 1 and 2 hour time points in mice injected with AAV9-KRAB-dCas9-
dual-gRNA, and an overall increase in tactile threshold at all time points (Figure 3e).  
 
Durable pain amelioration via the in situ repression of NaV1.7 with Zinc-Finger-KRAB and KRAB-
dCas9  
To determine whether in situ repression of NaV1.7 was efficacious long-term, we 
repeated the carrageenan inflammatory pain model and tested thermal hyperalgesia at 
21 and 42 days after i.t. AAV injection (n=8/group) (Figure 4a). We observed a 
significant improvement in PWL for carrageenan-injected paws in Zinc-Finger-4-KRAB 
groups at both day 21 (Supplementary Figure 3d) and day 42 (Figure 4b) 
demonstrating the durability of this approach. To determine whether in situ repression of 
NaV1.7 was also efficacious long-term in a poly neuropathic pain model, we measured 
tactile and cold allodynia 49 days after initial AAV injections and 29 days after the last 
paclitaxel injection (total cumulative dosage of 32 mg/kg; Figure 4c). Compared to the 
earlier time point (Figure 3b, c), we observed that mice from both AAV9-mCherry (n=8) 
and AAV9-KRAB-dCas9-dual-gRNA (n=8) groups had increased tactile allodynia at day 
49 as compared to day 21, and responded to the lowest von Frey filament examined 
(0.04 g). In comparison, mice receiving AAV9-Zinc-Finger-4-KRAB and AAV9-KRAB-
dCas9-dual-gRNA had increased withdrawal thresholds, indicating that in situ NaV1.7 
repression leads to long-term amelioration in chemotherapy-induced tactile allodynia 
(Figure 4d). As before, an increase in the number of withdrawal responses is seen in 
mice tested for cold allodynia in the negative control groups (AAV9-mCherry and AAV9-
KRAB-dCas9-no-gRNA), while both AAV9-Zinc-Finger-4-KRAB and AAV9-KRAB-
dCas9-dual-gRNA groups had a decrease in withdrawal responses, indicating that in situ 
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repression of NaV1.7 also leads long-term amelioration of chemotherapy induced cold 
allodynia (Figure 4e) 
 
DISCUSSION 
In this study, we investigated the efficacy of the repression of NaV1.7 in the 
dorsal root ganglia using two independent genome engineering platforms —KRAB-
dCas9 and Zinc-Finger-KRAB proteins— to treat acute and persistent nociceptive 
processing generated in murine models of peripheral inflammation and poly 
neuropathy. We believe the promising results suggest the utility of the approach for 
developing a therapeutic reagent.  
 
Development of targeted constructs  
The work employed multiple guide-RNAs (gRNAs) clones which were rationally 
designed using an in silico tool73 that predicts effective gRNAs based on chromatin 
position and sequence features into the split-dCas9 platform50. Similarly, we devised 
multiple ZFP-KRAB NaV1.7 DNA targeting constructs. These constructs were 
transfected into a murine neuroblastoma cell line that expresses NaV1.7 (Neuro2a) and 
repression of NaV1.7 was confirmed. Constructs showing the highest level of repression 
were chosen for subsequent in vivo studies.  
Although other technologies, such as RNAi have been utilized to target NaV1.7, a 
recent study has shown that the off-target effects of RNAi, as compared to CRISPRi, are 
far stronger and more pervasive than generally appreciated76,77. In addition, as an 
exogenous system, CRISPR and ZFPs (unlike RNAi) do not compete with endogenous 
machinery such as microRNA or RISC complex function. Thus, RNAi can have an 
impact in the regular homeostatic mechanisms of RNA synthesis and degradation. In 
addition, CRISPR and ZFP methods target genomic DNA instead of RNA, which means 
that to achieve an effect, RNAi methods require a higher dosage with poorer 
pharmacokinetics prospects, as there is usually a high RNA turnover46.   
 
In vivo spinal NaV1.7 knock down 
In these studies, we found that mice injected with either epigenetic platform had 
significantly reduced DRG expression of NaV1.7. Other studies have shown that partial 
repression of NaV1.778–83 is sufficient to ameliorate pain. This knock down serves to 
produce a significant reversal of the hyperalgesia induced by hind paw inflammation. 
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Using antisense oligonucleotides, mechanical pain could be ameliorated with 30 to 80% 
NaV1.7 repression levels81. Using microRNA 30b, around 50% repression of NaV1.7 
relieved neuropathic pain82, while more recently microRNA182 ameliorated pain 
preventing NaV1.7 overexpression in spared nerve injury rats79. Similarly, shRNA 
mediated knockdown of NaV1.7 prevented its overexpression in burn injury relieving 
pain78. Other studies did not quantify the NaV1.7 repression levels needed to reduce 
pain80. Additionally, shRNA lentiviral vectors can reduce bone cancer pain by repressing 
NaV1.7 40 to 60%83. Further studies are needed to determine what the minimum dosage 
to have an effect is. 
The role of NaV1.7 has been implicated in a variety of preclinical models, 
including those associated with robust inflammation as in the rodent carrageenan and 
CFA model. We examined the effect of knocking down NaV1.7 in a paclitaxel-induced 
poly neuropathy. Previous work has shown that this treatment will induce NaV1.764,87. 
Both epigenetic repressors ameliorate tactile allodynia to the same extent as the internal 
comparator gabapentin. Finally, we further addressed the role of NaV1.7 knock down in 
hyperpathia induced by i.t. injection of BzATP. This was significantly attenuated in mice 
previously treated with KRAB-dCas9. Spinal purine receptors have been shown to play a 
pivotal role in the nociceptive processing initiated by a variety of stimulus conditions 
including inflammatory/incisional pain and a variety of neuropathies72,88–90. The present 
observations suggest that the repression of afferent NaV1.7 expression in the nociceptor 
leads to a suppression of enhanced tactile sensitivity induced centrally. The mechanism 
underlying these results may reflect upon the observation that down regulation of NaV1.7 
in the afferent may serve to minimize the activation of microglia and astrocytes83. These 
results suggest that, at least partially, pain signal transduction through NaV1.7 is 
downstream of ATP signaling. 
We chose gabapentin as a positive control due to evidence that it decreases 
carrageenan-induced thermal hyperalgesia in rodents and because it is known to 
repress NaV1.7. Our results are consistent with previous studies that showed a inhibitory 
effect of gabapentin on NaV1.7 expression levels, ultimately leading to a reduction of 
neuronal excitability91. In addition, although it has been previously reported that 
gabapentin can lower inflammation on rat paw edema induced by carrageenan92, we did 
not find any reduction in inflammation in the gabapentin group This could be due to a 
difference in animal model, gabapentin dosage, or the concentration of carrageenan 
injected. Because only one dosage of gabapentin was utilized for these experiments, an 
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additional group of mice receiving a different gabapentin dosage or with a second 
dosage can be utilized as a secondary positive control. 
Of note, these drug effects examined in the polyneuropathy and carrageenan 
model appeared to persist unchanged for at least 6-7 weeks. Long term expression 
has been similarly noted in other gene therapy studies57,93–95. Importantly, these 
effects were unaccompanied by any detectable adverse motor effects or changes in 
bladder function.  
 
Spinal route for therapeutic delivery 
The presented research shows efficacy of spinal reduction in NaV1.7 in three 
models of hyperpathia using two complementary epigenetic tools. These studies 
clearly established significant target engagement and clear therapeutic efficacy with no 
evident adverse events after intrathecal knock down of NaV1.7 with two independent 
platforms. The intrathecal route of delivery represents an appropriate choice for this 
therapeutic approach. The role played by NaV1.7 is in the nociceptive afferents, and 
their cell bodies are in the respective segmental DRG neurons. Accordingly, the DRG 
represents the target for this transfection motif. The intrathecal delivery route efficiently 
place AAVs to the DRG neurons which minimizes the possibility of off target 
biodistribution and reduces the viral load required to get transduction. Importantly, the 
relative absence of B and T cells96,97 in the cerebrospinal fluid, reduces the potential 
immune response.  In this regard, as ZFPs are engineered on human protein chasses, 
they intrinsically constitute a targeting approach with even lower potential 
immunogenicity. Indeed, a study in non-human primates (NHP) found that intrathecal 
delivery of a non-self protein (AAV9-GFP) produced immune responses which were not 
seen with the delivery of a self-protein98.  
 
Future directions 
These results displaying target engagement and efficacy provide strong support 
for the development of these platforms for pain control. Several issues are pertinent: 
One, further studies are needed to determine what is the minimum effective AAV dosage 
to produce knock down and therapeutic effects. Two, this work showed reduction in 
NaV1,7 at 21, 42, and 49 days after AAV injections and corresponding changes in pain 
behavior. However, still longer-term studies need to be performed to evaluate the actual 
duration of treatment and whether any compensatory mechanisms take place due to 
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NaV1.7 repression. Three, further studies must be performed to explore the properties of 
repeat-dosing. Four, we validated our approach in three mouse pain models. However, 
other models of inflammatory pain should be tested to further validate our results. 
Carrageenan produces a model of persistent pain and hyperalgesia that best represents 
an acute phase from 1-24 hours and that converts to chronic inflammation by two 
weeks61. Therefore, the performed experiments can be repeated two-weeks after 
administering carrageenan to determine efficacy in a chronic inflammatory pain state. 
The Complete Freund’s adjuvant (CFA) model, collagen type II antibodies (CAIA) or 
K/BxN transgenic mice mimic the pathology of rheumatoid arthritis such as: widespread 
inflammation with the greatest effect distally, cartilage degradation, and elevated 
inflammatory cytokines in the joint fluid, and are thus additional important models to 
explore59. Focus on visceral pain will also be an important direction moving forward. 
Finally, five, other species including rats must be explored to further validate this 
approach.  
 
Therapeutic utility of intrathecal CRISPR/ZFP. 
As a potential clinical treatment, KRAB-dCas9 and ZFP-KRAB show promise for 
treating chronic inflammatory and neuropathic pain. These systems allow for potentially 
reversible gene therapy, which is advantageous in the framework of chronic pain, as 
permanent pain insensitivity is not desired. Additionally, the weeks-long duration 
presents a significant advantage compared to existing drugs which must be taken daily 
or hourly, and which may have undesirable addictive effects. Taken together, the results 
of these studies show a promising new avenue for treatment of chronic pain, a 
significant and increasingly urgent issue in our society. For instance, cancer treatment 
related side effects, and in particular chemotherapy induced polyneuropathy is one of 
the most common adverse events which could potentially be targeted using this 
system101,102. In this instance, a therapeutic approach that endures for months is 
preferable to one that is irreversible. Furthermore, the use of multiple neuraxial 
interventions over time is a common motif for clinical interventions as with epidural 
steroids where repeat epidural delivery may occur over the year at several month 
intervals103. Taken together, we anticipate this genomically scarless and non-addictive 
pain amelioration approach enabling long-lasting analgesia via targeted in 
vivo epigenetic repression of Nav1.7, will have significant therapeutic potential, such as 
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for preemptive administration in anticipation of a pain stimulus (pre-operatively), or 
during an established chronic pain state. 
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Figure 1: In situ repression of NaV1.7 leads to pain amelioration in a carrageenan 
model of inflammatory pain. (a) Schematic of the overall strategy used for in situ 
NaV1.7 repression using ZFP-KRAB and KRAB-dCas9. NaV1.7 is a DRG channel 
involved in the transduction of noxious stimuli into electric impulses at the peripheral 
terminals of DRG neurons. In situ repression of NaV1.7 via AAV-ZFP-KRAB and AAV-
KRAB-dCas9 is achieved through intrathecal injection leading to disruption of the pain 
signal before reaching the brain. (b) Schematic of the carrageenan-induced 
inflammatory pain model. At day 0, mice were intrathecally injected with either AAV9-
Zinc-Finger-4-KRAB, AAV9-mCherry, AAV9-KRAB-dCas9-dual-gRNA or AAV9-KRAB-
dCas9-no-gRNA. 21 days later, thermal pain sensitivity was measured in all mice with 
the Hargreaves assay. In order to establish a baseline level of sensitivity, mice were 
tested for tactile threshold using von Frey filaments before carrageenan injection. Mice 
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were then injected with carrageenan in their left paw (ipsilateral) while the right paw 
(contralateral) was injected with saline as an in-mouse control. They were then tested for 
thermal paw-withdrawal latency at 30 min, 1, 2, 4, and 24 hours after carrageenan 
administration. (c) In vivo NaV1.7 repression efficiencies: Twenty-four hours after 
carrageenan administration, mice DRG (L4-L6) were harvested and NaV1.7 repression 
efficacy was determined by qPCR. (n=5; error bars are SEM; Student’s t-test; ***p = 
0.0008, **p=0.0033). (d) The aggregate paw withdrawal latency was calculated as area 
under the curve (AUC) for both carrageenan and saline injected paws. Mice treated with 
Zinc-Finger-4-KRAB and KRAB-dCas9-dual-gRNA had significant increased paw-
withdrawal latencies in carrageenan-injected paws (n=10; error bars are SEM; Student’s 
t-test, ****p < 0.0001).  
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Figure 2: Benchmarking of in situ repression of NaV1.7 using Zinc-Finger-KRAB 
with established small molecule drug gabapentin. (a) Schematic of the experimental 
approach. (b) Time course of thermal hyperalgesia after the injection of carrageenan 
(solid lines) or saline (dotted lines) into the hind paw of mice injected with gabapentin 
(100mg/kg) and mCherry and Zinc-Finger-4-KRAB are plotted. Mean paw withdrawal 
latencies (PWL) are shown. The AUC of the thermal-hyperalgesia time-course are 
plotted on the right panels. A significant increase in PWL is seen in the carrageenan-
injected paws of mice injected with gabapentin and Zinc-Finger-4-KRAB (n=5 for 
mCherry and gabapentin and n=6 for Zinc-Finger-4-KRAB; error bars are SEM; 
Student’s t-test, *p = 0.0208, **p=0.0021). 
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Figure 3: In vivo efficacy of Zinc-Finger-KRAB and KRAB-dCas9 in two 
neuropathic pain models (a) Schematic of the paclitaxel-induced neuropathic pain 
model. Mice were i.t. injected with AAV9-mCherry, AAV9-Zinc-Finger-4-KRAB, AAV9-
KRAB-dCas9-no-gRNA, AAV9-KRAB-dCas9-dual-gRNA or saline. Following baseline 
von Frey threshold testing at day 14, mice were then injected i.p. with 8mg/kg of 
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paclitaxel at 14, 16, 18, 20 days after i.t. injection. 21 days after i.t. injection, mice were 
tested for tactile allodynia via von Frey filaments and for cold allodynia via the 
application of acetone. (b) In situ repression of NaV1.7 via Zinc-Finger-4-KRAB and 
KRAB-dCas9-dual-gRNA reduces paclitaxel-induced tactile allodynia. (n=8; error bars 
are SEM; Student’s t-test; ***p = 0.0007, ***p = 0.0004) (c) In situ repression of NaV1.7 
via Zinc-Finger-4-KRAB and KRAB-dCas9-dual-gRNA reduces paclitaxel-induced cold 
allodynia. (n=8; error bars are SEM; Student’s t-test; ****p < 0.0001, **p = 0.008). (d) 
Schematic of the BzATP pain model. Mice were injected at day 0 with AAV9-mCherry, 
AAV9-KRAB-dCas9-no-gRNA or AAV9-KRAB-dCas9-dual-gRNA. 21 days later, mice 
were baselined for von Frey tactile threshold and were then i.t. injected with 30 nmol 
BzATP. 30 minutes, 1, 2, 3, 6, and 24 hours after BzATP administration, mice were 
tested for tactile allodynia. (e) In situ repression of Nav1.7 via KRAB-dCas9-dual-gRNA 
reduces tactile allodynia in a BzATP model of neuropathic pain (n=5 for KRAB-dCas9-
no-gRNA and n=6 for the other groups, two-way ANOVA with Bonferonni post-hoc test; 
****p < 0.0001, *p = 0.0469).  
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Figure 4: Long-term efficacy of Zinc-Finger-KRAB and KRAB-dCas9 in two 
independent pain models. (a) Timeline of the carrageenan-induced inflammatory pain 
model. (b) Time course of thermal hyperalgesia after the injection of carrageenan (solid 
lines) or saline (dotted lines) into the hind paw of mice 42 days after i.t. injection with 
AAV9-mCherry and AAV9-Zinc-Finger-4-KRAB are plotted. Mean paw withdrawal 
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latencies are shown. The AUC of the thermal-hyperalgesia time-course are plotted on 
the right panel. A significant increase in PWL is seen in the carrageenan-injected paws 
of mice injected with AAV9-Zinc-Finger-4-KRAB (n=8; error bars are SEM; Student’s t-
test; ****p < 0.0001). (c) Schematic of the paclitaxel-induced neuropathic pain model. (d) 
In situ repression of NaV1.7 via Zinc-Finger-4-KRAB and KRAB-dCas9-dual-gRNA 
reduces paclitaxel-induced tactile allodynia 49 days after last paclitaxel injection (n=7 for 
Zinc-Finger-4-KRAB and n=8 for other groups; error bars are SEM; Student’s t-test; ****p 
< 0.0001). (e) In situ repression of NaV1.7 via Zinc-Finger-4-KRAB and KRAB-dCas9-
dual-gRNA reduces paclitaxel-induced cold allodynia. (n=7 for Zinc-Finger-4-KRAB and 
n=8 for other groups; error bars are SEM; Student’s t-test; ****p < 0.0001, ***p = 
0.0001). 
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Supplementary Figure 1: In vitro optimization of epigenetic genome engineering 
tools to enable NaV1.7 repression. (a) A panel of four zinc finger proteins and ten 
gRNAs were designed to target NaV1.7 in a mouse neuroblastoma cell line (Neuro2a) 
and were screened for repression efficacy by qPCR. A non-targeting gRNA (no gRNA) 
was used as a control for KRAB-dCas9 constructs targeting NaV1.7, while mCherry was 
used as a control for ZFP-KRAB constructs targeting NaV1.7  (n=3; error bars are SEM; 
one-way ANOVA; ****p < 0.0001). (b) In vitro western blotting of NaV1.7 in Neuro2a cells 
transfected with mCherry, Zinc-Finger-2-KRAB, Zinc-Finger-4-KRAB, KRAB-dCas9-no-
gRNA, KRAB-dCas9-dual-gRNA (1+2), and KRAB-dCas9-gRNA-8+10.  
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Supplementary Figure 2: In situ repression of NaV1.7 leads to pain amelioration in 
a carrageenan model of inflammatory pain. (a) Confirming AAV9-mCherry 
transduction in mice DRG via RNA FISH (red= mCherry, pink= NaV1.7; scale 
bar=50µm). (b) Time course of thermal hyperalgesia after the injection of carrageenan 
(solid lines) or saline (dotted lines) into the hind paw of mice 21 days after i.t. injection 
.CC-BY-NC-ND 4.0 International licensecertified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprint (which was notthis version posted July 24, 2019. . https://doi.org/10.1101/711812doi: bioRxiv preprint 
 24 
with AAV9-KRAB-dCas9-no-gRNA and AAV9-KRAB-dCas9-dual-gRNA are plotted. 
Mean paw withdrawal latencies are shown. (n=10; error bars are SEM). (c) Time course 
of thermal hyperalgesia after the injection of carrageenan (solid lines) or saline (dotted 
lines) into the hind paw of mice 21 days after i.t. injection with AAV9-mCherry and AAV9-
Zinc-Finger-4-KRAB are plotted. Mean paw withdrawal latencies are shown. (n=10; error 
bars are SEM). (d) Paw thickness of ipsilateral paws at baseline and four hours after 
carrageenan injection are plotted (n=10). 
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Supplementary Figure 3: Evaluation of Zinc-Finger-KRAB in an inflammatory 
model of pain. (a) In vivo NaV1.7 repression efficiencies from treated mice DRG. 
Twenty-four hours after carrageenan administration, mice DRG (L4-L6) were harvested 
and NaV1.7 repression efficacy was determined by qPCR. (n=5 for mCherry and 
Gabapentin groups and n=6 for Zinc-Finger-4-KRAB group; error bars are SEM; one 
way ANOVA with Dunnet’s post hoc test; ***p = 0.0007, *p=0.0121). (b) Paw thickness 
of ipsilateral paws at baseline and four hours after carrageenan injection are plotted. (c) 
Significance of paw withdrawal latencies in mice receiving AAV9-Zinc-Finger-4-KRAB 
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and gabapentin (100 mg/kg) as compared to AAV9-mCherry carrageenan-injected paw 
(negative control). Two-way ANOVA with Bonferroni post hoc test. (d) Independent 
repeat of experiment in (a): time course of thermal hyperalgesia after the injection of 
carrageenan (solid lines) or saline (dotted lines) into the hind paw of mice 21 days after 
i.t. injection with AAV9-mCherry and AAV9-Zinc-Finger-4-KRAB are plotted. Mean paw 
withdrawal latencies are shown. The AUC of the thermal-hyperalgesia time-course are 
plotted on the right panel. A significant increase in PWL is seen in the carrageenan-
injected paws of mice injected with AAV9-Zinc-Finger-4-KRAB (n=8; error bars are SEM; 
Student’s t-test; ****p < 0.0001). 
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Supplementary Table 1: CRISPR-Cas9 guide RNA spacer sequences 
gRNA Sequence 
SCN9A-1 ACAGTGGGCAGGATTGAAA 
SCN9A-2 GCAGGTGCACTCACCGGGT 
SCN9A-3 GAGCTCAGGGAGCATCGAGG 
SCN9A-4 AGAGTCGCAATTGGAGCGC 
SCN9A-5 CCAGACCAGCCTGCACAGT 
SCN9A-6 GAGCGCAGGCTAGGCCTGCA 
SCN9A-7 CTAGGAGTCCGGGATACCC 
SCN9A-8 GAATCCGCAGGTGCACTCAC 
SCN9A-9 GACCAGCCTGCACAGTGGGC 
SCN9A-10 GCGACGCGGTTGGCAGCCGA 
 
Supplementary Table 2: Zinc finger protein genomic target sequences 
ZF Name ZF Target Sequence 
ZF1 GGCGAGGTGATGGAAGGG 
ZF2 GAGGGAGCTAGGGGTGGG 
ZF3 AGTGCTAATGTTTCCGAG 
ZF4 TAGACGGTGCAGGGCGGA 
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MATERIALS AND METHODS 
 
Vector Design and Construction 
Cas9 and Zinc-Finger AAV vectors were constructed by sequential assembly of 
corresponding gene blocks (Integrated DNA Technologies) into a custom synthesized 
rAAV2 vector backbone. gRNA sequences were inserted into dNCas9 plasmids by 
cloning oligonucleotides (IDT) encoding spacers into AgeI cloning sites via Gibson 
assembly. gRNAs were designed utilizing an in silico tool to predict gRNAs73.  
 
Mammalian Cell Culture 
Neuro2a cells were grown in EMEM supplemented with 10% fetal bovine serum (FBS) 
and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific) in an incubator at 37°C and 5% 
CO2 atmosphere.  
 
Lipid-Mediated Cell Transfections 
One day prior to transfection, Neuro2a cells were seeded in a 24-well plate at a cell 
density of 1 or 2E+5 cells per well. 0.5 µg of each plasmid was added to 25 µL of Opti-
MEM medium, followed by addition of 25 µL of Opti-MEM containing 2 µL of 
Lipofectamine 2000. The mixture was incubated at room temperature for 15 min. The 
entire solution was then added to the cells in a 24-well plate and mixed by gently swirling 
the plate. Media was changed after 24 h, and the plate was incubated at 37°C for 72 h in 
a 5% CO2 incubator. Cells were harvested, spun down, and frozen at 80°C. 
 
Production of AAVs 
Virus was prepared by the Gene Transfer, Targeting and Therapeutics (GT3) core at the 
Salk Institute of Biological Studies (La Jolla, CA) or in-house utilizing the GT3 core 
protocol. Briefly, AAV2/1, AAV2/5, and AAV2/9 virus particles were produced using 
HEK293T cells via the triple transfection method and purified via an iodixanol gradient. 
Confluency at transfection was between 80% and 90%. Media was replaced with pre-
warmed media 2h before transfection. Each virus was produced in five 15 cm plates, 
where each plate was transfected with 10 µg of pXR-capsid (pXR-1, pXR-5, and pXR-9), 
10 of µg recombinant transfer vector, and 10 µg of pHelper vector using 
polyethylenimine (PEI; 1 mg/mL linear PEI in DPBS [pH 4.5], using HCl) at a PEI:DNA 
mass ratio of 4:1. The mixture was incubated for 10 min at room temperature and then 
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applied dropwise onto the media. The virus was harvested after 72 h and purified using 
an iodixanol density gradient ultracentrifugation method. The virus was then dialyzed 
with 1x PBS (pH 7.2) supplemented with 50 mM NaCl and 0.0001% of Pluronic F68 
(Thermo Fisher Scientific) using 50-kDa filters (Millipore) to a final volume of ~100 µL 
and quantified by qPCR using primers specific to the ITR region, against a standard 
(ATCC VR-1616):  AAV-ITR-F: 5’ -CGGCCTCAGTGAGCGA-3’ and  AAV-ITR-R: 5’ -
GGAACCCCTAGTGATGGAGTT-3’ 
 
Animals Experiments 
All animal procedures were performed in accordance with protocols approved by the 
Institutional Animal Care and Use Committee (IACUC) of the University of California, 
San Diego. All mice were acquired from Jackson Laboratory. Two-month-old adult male 
C57BL/6 mice (25-30g) were housed with food and water provided ad libitum, under a 
12 h light/dark cycle with up to 5 mice per cage. All behavioral tests were performed 
during the light cycle period. 
 
Intrathecal AAV Injections 
Anesthesia was induced with 2.5% isoflurane delivered in equal parts O2 and room air in 
a closed chamber until a loss of the righting reflex was observed. The lower back of mice 
was shaven and swabbed with 70% ethanol. Mice were then intrathecally (i.t.) injected 
using a Hamilton syringe and 30G needle as previously described104 between vertebrae 
L4 and L5 with 5 µL of AAV for a total of 1E+12 vg/mouse. A tail flick was considered 
indicative of appropriate needle placement. Following injection, all mice resumed motor 
activity consistent with that observed prior to i.t. injection. 
 
Pain Models 
Intraplantar carrageenan injection: Carrageenan-induced inflammation is a classic model 
of edema formation and hyperalgesia105–107. 21 days after AAV pre-treatment, 
anesthesia was induced as described above. Lambda carrageenan (Sigma Aldrich; 2% 
(W/V) dissolved in 0.9% (W/V) NaCl solution, 20 µL) was subcutaneously injected with a 
30G needle into the plantar (ventral) surface of the ipsilateral paw. An equal amount of 
isotonic saline was injected into the contralateral paw. Paw thickness was measured 
with a caliper before and 4h after carrageenan/saline injections as an index of 
edema/inflammation. Hargreaves testing was performed before injection (t=0) and (t= 
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30, 60, 120, 240 minutes and 24 hours post-injection). The experimenter was blinded to 
the composition of treatment groups. Mice were euthanized after the 24-hour time point.  
Paclitaxel-induced neuropathy: Paclitaxel (Tocris Biosciences, 1097) was dissolved in a 
mixture of 1:1:18 [1 volume ethanol/1 volume Cremophor EL (Millipore, 238470)/18 
volumes of sterilized 0.9% (W/V) NaCl solution]. Paclitaxel injections (8 mg/kg) were 
administered intraperitoneally (i.p.) in a volume of 1 mL/100 g body weight every other 
day for a total of four injections to induce neuropathy (32 mg/kg), resulting in a 
cumulative human equivalent dose of 28.4–113.5 mg/m2 as previously described67. 
Behavioral tests were performed 24 hours after the last dosage.  
Intrathecal BzATP injection: BzATP (2′(3′)-O-(4-Benzoylbenzoyl) adenosine 5′-
triphosphate triethylammonium salt) was purchased from Millipore Sigma and, based on 
previous tests, was dissolved in saline (NaCl 0.9%) to final a concentration of 30 nmol. 
Saline solution was also used as a vehicle control and both were delivered in a 5 µL 
volume. Intrathecal injections were performed under isoflurane anesthesia (2.5%) by 
lumbar puncture with a 30-gauge needle attached to a Hamilton syringe. 
 
Behavioral tests 
Mice were habituated to the behavior and to the experimental chambers for at least 30 
min before testing. As a positive control, gabapentin (Sigma, G154) was dissolved in 
saline solution and injected i.p. at 100 mg/kg/mouse.  
Thermal Withdrawal Latency (Hargreaves Test): To determine the acute nociceptive 
thermal threshold, the Hargreaves’ test was conducted using a plantar test device (Ugo 
Basile, Italy)108. Animals were allowed to freely move within a transparent plastic 
enclosement (6 cm diameter × 16 cm height) on a glass floor 40 min before the test. A 
mobile radiant heat source was then placed under the glass floor and focused onto the 
hind paw. Paw withdrawal latencies were measured with a cutoff time of 30 seconds. An 
IR intensity of 40 was employed. The heat stimulation was repeated three times on each 
hind paw with a 10 min interval to obtain the mean latency of paw withdrawal. The 
experimenter was blinded to composition of treatment groups. 
Tactile allodynia: For the BzATP pain model, tactile thresholds (allodynia) were 
assessed 30 minutes, 1, 2, 3, 6, 24 hours after the BzATP injection. For the Paclitaxel 
model, tactile thresholds (allodynia) were assessed 24 hours and 29 days after the last 
Paclitaxel injection. Forty-five minutes before testing, mice were placed in clear plastic 
wire mesh-bottom cages for acclimation. The 50% probability of withdrawal threshold 
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was assessed using von Frey filaments (Seemes Weinstein von Frey anesthesiometer; 
Stoelting Co., Wood Dale, IL, USA) ranging from 2.44 to 4.31 (0.04–2.00 g) in an up-
down method, as previously described107. 
Cold allodynia: Cold allodynia was measured by applying drops of acetone to the plantar 
surface of the hind paw as previously described109,110. Mice were placed in individual 
plastic cages on an elevated platform and were habituated for at least 30 min until 
exploratory behaviors ceased. Acetone was loaded into a one mL syringe barrel with no 
needle tip. One drop of acetone (approximately 20 µL) was then applied through the 
mesh platform onto the plantar surface of the hind paw. Care was taken to gently apply 
the bubble of acetone to the skin on the paw without inducing mechanical stimulation 
through contact of the syringe barrel with the paw. Paw withdrawal time in a 60s 
observation period after acetone application was recorded. Paw withdrawal behavior 
was associated with secondary animal responses, such as rapid flicking of the paw, 
chattering, biting, and/or licking of the paw. Testing order was alternated between paws 
(i.e. right and left) until five measurements were taken for each paw. An interstimulation 
interval of 5 minutes was allowed between testing of right and left paws. 
 
Tissue collection  
After the 24-hour time carrageenan time point, spinal cords were collected via 
hydroextrusion (injection of 2 mL of iced saline though a short blunt 20 gauge needle 
placed into the spinal canal following decapitation). After spinal cord tissue harvest, the 
L4-L6 DRG on each side were combined and frozen as for the spinal cord. Samples 
were placed in DNase/RNase-free 1.5 mL centrifuge tubes, quickly frozen on dry ice, 
and then stored at 80°C for future analysis. 
 
Gene Expression Analysis and qPCR 
RNA from Neuro2a cells was extracted using RNeasy Kit (QIAGEN; 74104) and from 
DRG using RNeasy Micro Kit (QIAGEN; 74004). cDNA was synthesized from RNA using 
Protoscript II Reverse Transcriptase Kit (NEB; E6560L). Real-time PCR (qPCR) 
reactions were performed using the KAPA SYBR Fast qPCR Kit (Kapa Biosystems; 
KK4601), with gene-specific primers in technical triplicates and in biological triplicates 
(Neuro2a cells). Relative mRNA expression was normalized to GAPDH levels and fold 
change was calculated using the comparative CT (ΔΔCT) method and normalized to 
GAPDH. Mean fold change and SD were calculated using Microsoft Excel. 
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Western Blot 
Neuro2a cells were thawed and protein extraction was performed with RIPA buffer 
(25mM Tris•HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS; 
Thermo Fisher 89900) supplemented with protease inhibitors (Sigma P8849). Total 
protein was quantified with BCA protein assay kit (Thermo Fisher 23225), and 40 µg of 
protein were loaded into 4-15% polyacrylamide gels (BioRad 4561085). Proteins were 
transfer to a PVDF membrane (Thermo Fisher IB401001) and the membrane was 
blocked with 5% (W/V) blotting-grade blocker (Biorad 1706404) dissolved in TBS-T 
(Thermo Fisher, 28358 supplemented with 0.1% (V/V) Tween-20; BioRad 1610781). 
Membranes were then incubated overnight at 4°C with primary antibodies: anti-NaV1.7 
diluted 1:1000 (Abcam; ab85015) and anti-GAPDH (Cell Signaling, 2118) diluted 1:4000. 
Membranes were then washed three times with TBS-T and incubated for 1 h at room 
temperature with anti-rabbit horseradish-peroxidase-conjugated secondary antibody 
(Cell Signaling, 7074) diluted 1:20000. After being washed with TBST, blots were 
visualized with SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher) 
and visualized on an X-ray film. 
RNAscope ISH Assays 
The mCherry, and NaV1.7 probes were designed by Advanced Cell Diagnostics 
(Hayward, CA). The mCherry probe (ACD Cat# 404491) was designed to detect 1480–
2138 bp (KF450807.1, C1 channel), and the NaV1.7 (ACD Cat#313341), was designed 
to detect 3404–4576 bp of the Mus musculus NaV1.7 mRNA sequence (NM_018852.2, 
C3 channel). Before sectioning, DRG were placed into 4% PFA for 2 hours at room 
temperature, followed by incubation in 30% sucrose overnight at 4°C. Tissues were 
sectioned (12 µm thick) and mounted on positively charged microscopic glass slides 
(Fisher Scientific). All hybridization and amplification steps were performed following the 
ACD RNAscope V2 fixed tissue protocol. Stained slides were coverslipped with 
fluorescent mounting medium (ProLong Gold Anti-fade Reagent P36930; Life 
Technologies) and scanned into digital images with a Zeiss 880 Airyscan Confocal at 
20x magnification. Data was processed using ZEN software (manufacturer-provided 
software). 
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Statistical analysis 
Results are expressed as mean +/- standard error (SE). Statistical analysis was 
performed using GraphPad Prism (version 8.0, GraphPad Software, San Diego, CA, 
USA). Results were analyzed using Student’s t-test (for differences between two 
groups), one-way ANOVA (for multiple groups), or two-way ANOVA with the Bonferroni 
post hoc test (for multiple groups time-course experiments). Differences between groups 
with p < 0.05 were considered statistically significant.  
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